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Abstract:  
This doctoral dissertation examines the crustal and lithospheric structures of rift basins formed 
within the Turkana Depression (TD) in east Africa and the Trans-Southern African Orogen (TSAO) 
in southwest Africa. Both regions have undergone complex structural and petrological evolution 
since the Archean eon and exhibit belts of deformations that resulted from the assembly and 
fragmentation of both Rodina and Pangaea. Since the Cenozoic, the crust and the sub-continental 
lithospheric mantle beneath the TD and the TSAO have been significantly weakened and stretched 
by plume related dynamics triggering the southward and the southwestward propagation of the East 
African Rift System. The Precambrian suture zones and the Mesozoic rift basins have also 
influenced these zones of extensional deformations. This doctoral dissertation is designed to 
explore the spatial extent of these structurally complex tectonic entities and investigate the role of 
these structures in the nucleation and development of various zones of extensional deformations, 
particularly rift basins related to the East African Rift System. To this end, geophysical, remote 
sensing, and numerical methods have been implemented to model the upper crustal-, crustal-, and 
lithospheric-scale structures beneath the TD and TSAO. For the first time, this doctoral work also 
introduces improved methods to estimate depth to the Moho and the Precambrian crystalline 
basement using potential field data. The details are presented in the following chapters summarized 
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 Characterizing the nucleation and developmental processes of continental rifts is inseparable from 
adequately defining the tectonic evolution of the crust within which continental rifts form. This is because 
the incipient phase of a continental rift basin and its continuous development is largely dependent upon 
the rheology of the lithosphere upon which it rests. For instance, thermally weakened and thinned 
lithosphere tends to facilitate continental rifting if and when sufficient deviatoric stress is available to 
cause crustal deformation. The lithospheric memory – whether or not preexisting structures are preserved 
within the lithosphere – is also another important factor that controls the nucleation and development of 
continental rifts. Additionally, magmatism plays a crucial role in rift evolution (e.g. The Afar rift, the 
Main Ethiopian Rift (MER), and the Turkana rift), even though some rift basins appear to be magma poor 
(e.g. the Rukwa rift). Thus, investigating the evolution of continental rift basins require a full-scale 
investigation of the lithosphere upon which they rest. This endeavor is very complex and challenging as 
continental rifts develop within different geodynamic settings that sustained distinct episodes of 
deformation. In the case of the EARS, the Southwestern Branch of the EARS mostly developed within 
orogenic belts that are Paleoproterozoic-Mesoproterozoic in age, while the Eastern Branch of the EARS 




There are also instances, as in the case of the Eyasi basin, where continental rift basins develop on 
remobilized cratons and/or cratonic margins. Thus, it is misleading to generalize the nucleation and 
developmental processes of continental rifts from a snapshot of a single rift that is at a certain 
developmental stage resting on a certain geodynamic setting. This warrants the importance of considering 
continental rifts of different styles and ages to explore the major factors that contribute to rifting 
continents.  
To this end, the crustal and lithospheric structures of rift basins that formed within the Turkana 
Depression (TD) in east Africa and the Trans-Southern African Orogen (TSAO) in southwest Africa are 
examined by using geophysical methods. These geodynamic settings are ideal to study the nucleation and 
evolution of continental rifts as they have undergone complex structural and petrological evolution since 
the Archean eon and exhibit belts of deformations that resulted from the assembly and fragmentation of 
both Rodina and Pangea. Since the Cenozoic, the lithospheric mantle beneath the TD and the TSAO has 
undergone extension by plume related dynamics triggering the southward and the southwestward 
propagation of the EARS.  
The TD is a NW trending topographic corridor within the East African Rift System between the 
Ethiopia‐Yemen plateau in the northeast and the East African plateau to the southwest. The Anza rift 
within the TD is a NW‐SE trending failed arm of a late Jurassic rift‐rift‐rift triple junction. This rift is 
correlated with the Sudan and South Sudan rifts. The Anza rift is intersected by the East African Rift 
System represented by the N‐S trending Turkana rifted zone. The first article of this doctoral dissertation 
titled “Development of Late Jurassic-Early Paleogene and Neogene-Quaternary Rifts within the Turkana 
Depression, East Africa from Satellite Gravity Data” examines the lithospheric structure beneath the TD 
using satellite gravity data. Additionally, it examines the crustal density distribution beneath the Kino 




with increasing depths as the N-S trending structure of the Cenozoic EARS interacts with the NW 
trending structure associated with the Mesozoic Anza rift basin.  
To better understand the tectonic evolution of the EARS as a whole, and continental rifts in 
general, this doctoral dissertation additionally examined the lithospheric structure beneath the SWB of the 
EARS. To summarize briefly, the SWB of the EARS consists of NE-SW trending rift basins that rest on 
the TSAO. The SWB of the EARS is a ~1000 km wide corridor of rift basins extending for ~1700 km 
from the west side of Tanganyika and the Malawi rifts. The TSAO constitutes from older to younger, the 
Paleoproterozoic Magondi orogenic belt, the Paleoproterozoic – Mesoproterozoic Kibaran orogenic belt, 
the Mesoproterozoic – Neoproterozoic Irumide metacraton, and Southern Irumide and Ghani – Chobe 
orogenic belts, and the Neoproterozoic Zambezi and Damara orogenic belts and the Lufillian arc. These 
orogenic belts are bounded by two major cratons: 1) the Congo craton, which in this case is defined to 
constitute the Congo-Tanania-Bangweulu craton, and 2) the Kalahari craton, which, in the same way, is 
defined to constitute the Zimbabwe-Kaapvaal-Niassa craton. The distribution of these tectonic entities 
and the prevalence of rift basins of the SWB of the EARS within them allow to investigate the role of 
preexisting structure in rift initiation and development. Additionally, it gives a proper framework to 
evaluate the role of composite tectonic terrains of different ages and origin in determining the extent of 
individual rift basins. The fourth chapter of the dissertation titled “Lithospheric Structure of the Congo-
Tanania-Bangweulu Craton, the Zimbabwe-Kaapvaal-Niassa Craton, and the Trans-Southern African 
Orogen” gives a broad overview on the tectonic evolution of the SWB of the EARS and investigate their 
preferential zones of nucleation by modeling the lithospheric structure beneath them through geophysical 
modeling of potential field data.  
Most of the results presented in this doctoral research is obtained by processing satellite gravity 
data, particularly, World Gravity Model (WGM-2012) and European Improved Gravity Model of the 
Earth by New Techniques (EIGEN-6C4). The attributes of these gravity datasets are explained in detail in 




“Spectral Analysis with Piecewise Regression Approach (SAPRA) of Gravity Data for Lithospheric 
Structure Imaging: The Lake Turkana Rift Basin of the East African Rift System.” examines the non-
uniqueness of the potential field data, and introduces a new quantitative analysis to make the 2D-radially 
averaged spectral method objective with piecewise regression approach. This approach overcomes the 
subjectivity associated with data points breaks in slope of linear segments of spectrum curve in estimating 
depth to the Moho and the Precambrian crystalline basement. The development of SAPRA has also been 








DEVELOPMENT OF LATE JURASSIC-EARLY 
PALEOGENE AND NEGOGENE-QUATERNARY RIFTS 
WITHIN THE TURKANA DEPRESSION, EAST AFRICA 
Abstract I 
The Turkana Depression (TD) is a NW trending topographic corridor within the 
East African Rift System between the Ethiopia‐Yemen plateau in the northeast and the 
East African plateau to the southwest. The Anza rift within the TD is a NW‐SE trending 
failed arm of a late Jurassic rift‐rift‐rift triple junction. This rift is correlated with the 
Sudan and South Sudan rifts. The Anza rift is intersected by the East African Rift System 
represented by the N‐S trending Turkana rifted zone. We image the lithospheric structure 
beneath the TD using satellite gravity data. We also use these data to model crustal 
density distribution beneath the Kino Sogo fault belt, part of the Turkana rifted zone. The 
results show thinner crust (23–28 km) and lithosphere (140–150 km) beneath the TD. We 
interpret this as due to extension that resulted in the formation of the Kenya‐Sudan and 
South Sudan rifts. The results also show that crustal depth between 0 and 4.8 km is 
dominated by N‐S density contrast anomalies and between 4.8 and 14.5 km by E‐W 
anomalies. We interpret the N‐S anomalies as due to the presence of Precambrian 
structure that might have facilitated strain localization during the initiation of the Kino 
Sogo fault belt. Differently, we interpret the E‐W anomalies as due to the presence E‐W 
trending faults that were formed in association with the development of the Anza rift 





Determining the main factors that control strain localization during the onset of continental 
rifts is challenging because there are many variables that are involved in such localization. However, 
one handy explanation that has been advanced by the scientific community is that continental rifts 
follow zones of thin lithosphere largely presented by orogenic belts of different ages extending at the 
margins of Archean‐Paleoproterozoic cratons (e.g., Corti et al., 2013; Daly et al., 1989; 
Delvaux, 2001; Leseane et al., 2015; Rosendahl et al., 1992; Sarafian et al., 2018). This explanation is 
based on the observed along‐strike coincidence between continental rifts and orogenic belts. In 
Africa, examples of such along‐strike coincidence include the ~20‐Ma magma‐poor Rukwa rift that 
occupies the central part of the Western Branch of the Eastern African Rift System (EARS; 
Figure 1a). This segment of the Eastern Branch follows the trace of the Paleoproterozoic Ubendian 
orogenic belt, which is bounded in the northeast by the Tanzania craton and to the southwest by the 
Bangweulu cratonic block (e.g., Delvaux, 2001; Heilman et al., 2019; Lemna et al., 2019; Rosendahl 
et al., 1992). 
Despite the assertion that continental rifts develop within the weaker lithospheric zones of 
orogenic belts, little is known about how extension is accommodated at depth during different 
geological times when different episodes of younger continental rifting are superimposed on the older 
orogenic belts. For example, it is suggested that the 45 Ma–Present Eastern Branch of the EARS 
(Figure 1a; e.g., Zanettin et al., 1983) follows the Neoproterozoic East African orogen (e.g., 
Chorowicz, 2005), which developed due to collision between East and West Gondwana (e.g., 
Abdelsalam & Stern, 1996; Fritz et al., 2013; Stern, 1994). This suggestion assumes that the weaker 
lithosphere of the East African orogen facilitated the localization of strain that is exerted by the 
eastward movement of the Somalia plate away from the stationary Nubia plate (Figure 1a; e.g., 




Hence, this suggestion predicts the presence of a thinner lithosphere (both the crust and the 
subcontinental lithospheric mantle (SCLM)) beneath both the East African orogen and the Eastern 
Branch of the EARS. However, this is not the case since segments of the Eastern Branch such as the 
southern Main Ethiopian Rift (Figure 1a) are underlain by relatively thick crust (Dugda et al., 2005; 
Emishaw et al., 2017; Keranen et al., 2009). 
 
Figure 2.1:(a) Earth topography 1 arc min (ETOPO1) digital elevation model (DEM) showing the East African Rift System (EARS). The 
DEM shows the low topographic corridor of the Turkana Depression (TD), which separates the Ethiopia‐Yemen plateau from the East 
African plateau. MER = Main Ethiopian Rift, TR = Turkana rifted zone, KSR = Kino Sogo fault belt, KR = Kenya rift, NTD = North 
Tanzania Divergence, RR = Rukwa rift. (b) Faults in East Africa classified based on the age of their peak activities. The background is an 
ETOPO1 DEM. The map shows that the faults of the Jurassic‐Paleogene Kenya‐Sudan Rifts (KSR) are intersected at high angle by the 
faults of the Neogene‐Quaternary EARS within the TD. Modified after Macgregor (2018). 
 In East Africa, most of the late Jurassic‐early Paleogene continental rifts are NW‐SE trending 




The NW SE trending late Jurassic‐early Paleogene rifts are represented by those in northern Kenya 
(Figures 2a and 2b; Bosworth & Morley, 1994; Dindi, 1994; Reeves, et al., 1987) and in Sudan and 
South Sudan (Figures 2a, 2c, and 2d; Bosworth, 1992; Dou et al., 2007; Fairhead, 1988; Mann, 1989; 
McHargue et al., 1992; Schull, 1988). These rifts will be referred to here as the Kenya‐Sudan Rifts 
(KSR). The N‐S to NE‐SW trending Neogene‐Quaternary rifts are represented by segments of the 
Eastern Branch of the EARS including the Turkana rifted zone (Figure 1a; e.g., Bonini et al., 2005; 
Brune et al., 2017; Corti et al., 2019; Dunkelman et al., 1989; Ebinger et al., 2000; Emishaw et 
al., 2017; Morley, Wescott, et al., 1999; Rosendahl et al., 1992; Vetel et al., 2005; Vetel & Le 
Gall, 2006). 
 The Eastern Branch of the EARS intersects the KSR at highly oblique angle within the 
Turkana Depression (TD; Figures 1a and 1b). This anomalously low NW‐SE elongated, ~500‐km‐
wide topographic corridor occurs between the elevated Ethiopia‐Yemen plateau in the northeast and 
the East Africa plateau to the southwest (Figure 2a). These plateaus represent part of the African 
Superswell, which was caused by the African Superplume (Nyblade & Robinson, 1994). One 
explanation given to the development of the TD is that the superimposition of the rifting events 
associated with the KSR and the EARS resulted in significant thinning of the crust leading to 
lowering of the elevation through isostatic adjustment (Benoit et al., 2006). Crustal thinning beneath 
the TD is documented from controlled source seismic imaging (Keller et al., 1994; Mechie et 







Figure 2.2: (a) Simplified map showing the rift basins of the Kenya‐Sudan‐Rifts (KSR) and their possible evolution as a failed rift arm of 
the Lamu rift‐rift‐rift triple junction. The extent of the KSR sedimentary basins is modified from Bosworth (1992) and Dou et al. (2007). 
CASZ = Central Africa shear zone, BA = Bahr el Arab rift, AG = Abu Gabra rift, MU = Muglad rift, JO = Jonglei rift, MO = Mongala rift, 
WN = White Nile rift, RU = Ruat rift, ME = Melut rift, BN = Blue Nile rift, SSSZ = South Sudan shear zone, LO = Loelli rift, AN = Anza 
rift, LA = Lamu rift. The pink lines labeled B, C, and D show the location of the cross sections in Figures 2b–2d. (b) Geological section 
across portion of the central part of the Anza rift. Modified from Bosworth and Morley (1994). The depth of the section is estimated from 
the relationship between the two‐way travel time and depth reported by Bosworth and Morley (1994) to be 4.5 s = 7 km. (c and d) 
Geological sections across portions of the Bahr el Arab and Muglad rifts. Modified from Schull (1988). 
 The intersection of the KSR and the EARS within the TD provides a unique site for 
examining the controls of the mechanical and thermal lithospheric heterogeneities in the development 
of continental rifts. This is because the TD stretches at the interface between the Arabian‐Nubian 




the southwest (Figures 3a and 3b). It is also because where it has been suggested that the inherited 
crustal structure from the KSR resulted in the development of the Turkana rifted zone as an 
anomalously wide (~300 km) segment within the Eastern Branch of the EARS and that this inherited 
crustal structure have contributed to shaping the final geometry of the Turkana rifted zone (Bonini et 
al., 2005; Brune et al., 2017; Corti et al., 2019; Ebinger et al., 2000; Vetel et al., 2005; Vetel & Le 
Gall, 2006). Further, it is because it has been suggested that the thermal effect of an impinging mantle 
plume head beneath the lithosphere of the Kenya rift resulted in its formation as a narrow rift, 
whereas the presence of a colder lithosphere beneath the Turkana rifted zone resulted in its 
development as a wide rift (Koptev et al., 2018). 
 
Figure 2.3: (a) Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) showing the Turkana Depression (TD) between 
the Ethiopia‐Yemen plateau and the East Africa plateau. (b) Exposures of major Precambrian blocks and structure within the TD and the 





In this work, I aim to contribute to the understanding of the pattern of strain accommodation 
as a function of depth and geological time between the KSR and the EARS within the TD (Figures 1a 
and 2a). I also aim at examining possible controls of the preexisting lithospheric structure on the 
evolution of the two rift systems. I first image crustal thickness variation beneath the depression and 
its surroundings by using two‐dimensional (2‐D) inversion of the European Improved Gravity Model 
of the Earth by New Techniques (EIGEN‐6C4) satellite gravity data. I also image crustal and 
lithospheric thickness variation beneath the TD and its surroundings using 2‐D forward gravity 
modeling of the satellite gravity data. Subsequently, I apply three‐dimensional (3‐D) upper crustal 
inversion for the residual gravity data of the EIGEN‐6C4 to a segment of the Turkana rifted zone to 
better understand how strain was accommodated as a function of depth within the upper crust. 
Considering the fact that the late Jurassic‐early Paleogene rifts in Sudan and South Sudan are 
petroliferous basins, I believe that the findings will contribute to the hydrocarbon exploration in 
Kenya. 
2.2 Geologic Setting 
2.3 The Precambrian Crystalline Basement 
The Precambrian crystalline basement rocks within and around the TD belong to Archean‐
Paleoproterozoic crust, Paleoproterozoic‐Mesoproterozoic crust, Archean‐Paleoproterozoic crust that 
was reworked during the Neoproterozoic, and Neoproterozoic crust (Figures 3a and 3b; e.g., Fritz et 
al., 2013). 
The majority of the East Africa plateau is dominated by Archean‐Paleoproterozoic and 
Paleoproterozoic‐Mesoproterozoic crust. This is represented by the North Congo block (representing 




Ankole and the Ruwenzori orogenic belts (Figure 3b). However, the northeastern side of the East 
Africa plateau is dominated by the Saharan Metacraton, which is suggested to be an Archean‐
Paleoproterozoic craton that was reworked during the Neoproterozoic (Figure 3b; Abdelsalam et 
al., 2002, 2011). In addition, the Western Granulite belt, which is interpreted by Fritz et al. (2013) as 
an Archean‐Paleoproterozoic crust that was reworked during the Neoproterozoic, is exposed on the 
eastern edge of the Tanzania craton, close to the eastern margin of the East African plateau 
(Figures 3a and 3b). 
The northeastern edge of the East African plateau and the southwestern part of the TD are 
dominated by outcrops of the Neoproterozoic East African orogen. This orogen comprises the 
Arabian‐Nubian Shield in the north, and the Mozambique orogenic belt to the south (Figure 3b; e.g., 
Abdelsalam & Stern, 1996; Fritz et al., 2013; Stern, 1994). For example, the Sekerr fold and thrust 
belt in northwestern Kenya is exposed in the northeastern edge of the East Africa plateau. Abdelsalam 
and Dawoud (1991) suggested that the Sekerr fold and thrust belt represents the Neoproterozoic 
suture zone between the Arabian‐Nubian Shield in the northeast and the Nile craton to the southwest 
(now the Saharan Metacraton). 
The exposures of the Arabian‐Nubian Shield within the southwestern part of the Ethiopia‐
Yemen plateau are represented by the Adola‐Moyale belt in the east and the Tulu Dimtu belt to the 
west (Figure 3b; e.g., Abdelsalam & Stern, 1996; Fritz et al., 2013). Both belts are characterized by 
interleaving of zones of late Neoproterozoic‐early Cambrian low‐grade volcano‐sedimentary rocks 
(sometimes with ophiolite fragments) and gneissic and migmatitic rocks (Figure 3b; e.g., Abdelsalam 
& Stern, 1996; Fritz et al., 2013). These belts are separated by north trending deformation zones, the 
kinematics of which received different interpretation (Abdelsalam et al., 2008; Tolessa et al., 1991; 






2.4 The Late Jurassic‐Early Paleogene Rift System of East Africa 
2.4.1 General Description 
Africa had witnessed major rifting events during the late Jurassic‐early Paleogene and this 
resulted in the development of a number of rift systems in the continent (e.g., Binks & 
Fairhead, 1992; Bosworth, 1992; Genik, 1992, 1993; Guiraud et al., 2005; Maurin & Guiraud, 1993). 
These include (1) the West African Rift System, (2) the Central African Rift System, and (3) the late 
Jurassic‐early Paleogene rift basins of East Africa found in Kenya, Sudan, and South Sudan. These 
basins have been considered as parts of the Central African Rift System (e.g., Browne et al., 1985; 
Browne & Fairhead, 1983; Fairhead, 1988). Here I prefer to separate these basins from those of the 
Central African Rift System because they are located in East Africa and because, for the large part, 
they did not develop as transtensional basins as those of the Central African Rift System. In addition, 
so as not to confuse this rift system with the EARS, as stated earlier, I will refer to this late Jurassic‐
early Paleogene rift system as KSR in reference to Kenya‐Sudan Rifts. 
In Kenya, and southeastern South Sudan, the major basin of KSR is the Lamu‐Anza‐Loelli 
(Henceforth Anza; Figure 2a; Bosworth, 1992; Bosworth & Morley, 1994; Dindi, 1994; Greene et 
al., 1991; Morley, Wescott, et al., 1999; Reeves et al., 1987; Winn et al., 1993). In Sudan and South 
Sudan, the KSR basins include the Abu Gabra‐Bahr el Arab‐Muglad‐Jonglei‐Mongala (henceforth 
Muglad), the White Nile‐Ruat‐Melut (henceforth Melut) and the Blue Nile (Figure 2a; 
Bosworth, 1992; Fairhead, 1988; Mann, 1989; McHargue et al., 1992; Schull, 1988). These basins 




structure of the Precambrian blocks to the north and south of the shear zone (Binks & 
Fairhead, 1992). Here I focus on the Anza and Muglad rifts because of their likely connection within 
the TD. 
2.4.2 The Anza Rift 
Using gravity data, Reeves et al. (1987) were first to identify the Anza rift in the central part 
of Kenya, which remained unrecognized before because it lacks significant surface expression. 
Morley, Day, et al. (1999) described the Anza rift as an ~500‐km‐long, 130‐km‐wide NW‐SE 
trending Cretaceous‐Paleogene graben. Bosworth (1992) and Greene et al. (1991) suggested dividing 
the Anza rift into a northwestern and a southeastern segment with the northwestern segment 
extending from the northern tip of Lake Turkana in the northwest (Figure 3a) to the central part of the 
rift. Using the interpretation of gravity data, Morley, Day, et al. (1999) suggested that the width of the 
Anza rift decreases toward the northwest until the rift disappears completely just east of the northern 
tip of Lake Turkana (Figure 3a). Previously, from 2‐D forward gravity modeling, Dindi (1994) 
suggested that the crust beneath the southeastern segment of the Anza rift thins from ~40 km away 
from the rift to ~35 km beneath the rift axis. In addition, Dindi (1994) proposed from the 2‐D forward 
gravity modeling that the southeastern segment of the rift is filled with ~8 km of sediments. However, 
the same author used 2‐D forward modeling of aeromagnetic data to propose that the Anza rift is 
filled with ~10 km of sediments. 
It has been proposed that the Anza rift is a failed arm of the Jurassic rift‐rift‐rift triple 
junction that was formed in association with the breakup of Gondwana (e.g., Bosworth, 1992; 
Bosworth & Morley, 1994; Greene et al., 1991; Winn et al., 1993). The two successful rifts along the 
Somali and Tanzania‐North Mozambique margins resulted in the separation of Madagascar from 




junction was initiated along the Tanzania‐North Mozambique margin within which late Carboniferous 
Karoo sediments were deposited (e.g., Greene et al., 1991). This was followed by the development of 
the second arm along the Somalia margin during the early to middle Jurassic to initiate seafloor 
spreading. It has also been suggested that the NW‐SE trending structure of the Anza rift was caused 
by NE‐SW regional extension that might have commenced in the late Jurassic (e.g., Bosworth & 
Morley, 1994). 
Bosworth and Morley (1994) suggested that the Anza rift was a site of widespread rifting 
during the middle to late Cretaceous and that rifting might have continued until early Paleogene. 
From active source seismic and borehole data, Bosworth and Morley (1994) showed that the Anza rift 
was receiving clastic sediments during the Cretaceous (Figure 2b) and that this classic sedimentary 
environment was interrupted by a marine incursion that occurred during the middle Cretaceous. 
Further, these authors showed that rifting in the Anza rift continued during the Paleogene and this 
resulted in the deposition of up to 3,000‐m‐thick fluvial and lacustrine sediments (Figure 3b). Finally, 
they showed from the same controlled source seismic and borehole data that the top stratigraphic part 
of the Anza rift is dominated by Neogene sediments (Figure 2b). Morley, Day, et al. (1999) added 
that different rift‐forming episodes might have resulted in significant change in the geometry of the 
Anza rift and that there seems to be migration of rift activities with time from northwest to southeast. 
They further suggested adding a phase of Paleogene sag subsidence that followed the development of 
extensional faults in the Anza rift. 
2.4.3 The Muglad Rift 
Using aeromagnetic, gravity, and controlled source seismic data, Schull (1988) described the 
Muglad rift as extending for ~1,000 km in a NW‐SE direction in southern Sudan and northern South 




toward the southeast (Figure 2a). Borehole data together with controlled source seismic data allowed 
Schull (1988) to estimate that the basin is filled with nonmarine clastic sediments that reaches a 
maximum thickness of ~13.5 km (Figures 2c and 2d).  
From palynomorphic analysis, this author documented the lower part of the rift to be dominated by 
Cretaceous sediments (Aptian, Albian, Cenomanian, Turonian, and Santonian), its central part to be 
dominated by Paleogene sediments (Paleocene, Eocene, and Oligocene), and its upper part to be 
dominated by Neogene sediments (Miocene; Figures 2c and 2d). Further, Schull (1988) proposed that 
the Muglad basin developed through three distinct phases of rifting followed by an intracratonic sag 
phase. The early phase of rifting spanned the time between early Cretaceous and Albian, the second 
phase occurred during the Turonian and Senonian, whereas the third phase of rifting occurred during 
the late Eocene and Oligocene. This author concluded that the intracratonic sag phase of the Muglad 
basin occurred during the middle Miocene and this phase is characterized by slow rate of subsidence 
that was not controlled by the development of normal faults. 
2.4.4 Connection of the Anza and Muglad Rifts 
The existence of pre‐Neogene sediments and tectonic activities within the TD around the 
Turkana rifted zone was first considered on the basis of the presence of immature arkosic sediments 
found primarily west of Lake Turkana and these sediments are commonly referred to as the Turkana 
Grits (e.g., Morley et al., 1992; Murray‐Hughes, 1933; Williamson & Savage, 1986). Williamson and 
Savage (1986) summarized that Murray‐Hughes (1933) considered the Turkana Grits to be derived 
from the underlying Precambrian crystalline basement rocks and described them as Jurassic age 
“pebbly conglomerates, feldspathic grits, and shales.” In addition, they reported that Baker et al. 
(1972) considered the Turkana Grits to be of Neogene age based on the possibility that they were 




Turkana rifted zone. Further, they mentioned that earlier Arambourg (1943) raised the possibility that 
the Turkana Grits contain both Mesozoic sediments at their base and Cenozoic sediments at the top. 
From their own study, Williamson and Savage (1986) concluded that the Turkana Grits are made up 
of early Cretaceous (Cenomanian)‐Paleogene sediments and late Neogene (middle Miocene) 
sediments. In addition, they proposed that the Cretaceous‐Paleogene sediments of the Turkana Grits 
were deposited within a late Mesozoic rift that was subsequently deformed by major E‐W trending 
dextral strike‐slip faults. However, Vetel and Le Gall (2006) carried out fault plane analysis on an 
outcrop of the Turkana Grits west of Lake Turkana and established a NE‐SW exerted extension 
suggestive of a Cretaceous paleostress similar to that resulted in the opening of the Anza rift farther 
east as has been reported by Morley, Day, et al. (1999). 
A number of regional tectonic maps have shown the Anza rift extending to the west of Lake 
Turkana rift basin with possible connection to the Muglad rift (e.g., Bosworth, 1992; Dou et al., 2007; 
Fairhead, 1988). For example, Bosworth (1992) suggested that the northwestern tip of the Anza rift 
(represented by the Loelli basin) and the southeastern tip of the Muglad rift (represented by the 
Mangala basin) are connected by the E‐W trending South Sudan dextral strike‐slip shear zone 
(Figure 2a). Further, this author suggested that the Mangala segment represents an E‐W trending 
transtensional basin. 
Hendrie et al. (1994) calculated the total amount of extension for the southern part of the 
Turkana rifted zone to be between 35 and 40 km. Subsequently, they pointed to that this amount of 
extension is much higher than the ~25‐km crustal extension estimated for the southern Main 
Ethiopian Rift and the ~10‐km crustal extension estimated for the central Kenya rift. Hence, they 
concluded that the region currently occupied by the Turkana rifted zone within the TD must have 




the possibility of the presence of significant amount of pre‐Neogene sediments beneath the volcanics 
associated with the Turkana rifted zone. 
Regardless, Vetel and Le Gall (2006) questioned the validity of proposing a connection 
between what they referred to as the “Turkana Cretaceous basins” and the Muglad rift and concluded 
that the Anza rift does not extend further northwest to reach the northern part of Lake Turkana. They 
based their argument on that the isobath lines drawn for the contact between the Precambrian 
crystalline basement rocks and the overlying Cretaceous sediments for the Anza rift show steep 
gradient at the northwestern side of the rift. Vetel and Le Gall (2006) used this to suggest the presence 
of a N‐S syn‐rift fault that limits the Anza rift in the northwest. Additionally, based on the absence of 
Cretaceous‐Paleogene sediments between the Precambrian crystalline basement rocks and the 
Paleogene (Oligocene)‐Neogene (Pliocene) volcanics, they proposed that the Anza rift does not 
extend northwest further than the eastern side of the Kino Sogo fault belt (Figure 5a). 
2.5 The Neogene‐Quaternary EARS 
Only the Eastern Branch of the EARS is relevant to this study. This branch extends from the 
Afar Depression in Eritrea, Djibouti and Ethiopia through the Main Ethiopian Rift, the Turkana rifted 
zone within the TD in southern Ethiopia, and northern Kenya, the Kenya rift, to the North Tanzania 
Divergence (Figure 1a). The Afar Depression and the Main Ethiopian Rift dissect the Ethiopia‐
Yemen plateau, whereas the Kenya rift and the North Tanzania Divergence stretch along the eastern 
edge of the East Africa plateau (Figure 1a). 
The Ethiopia‐Yemen and the East African plateaus bound the TD in the northeast and 
southwest, respectively (Figures 1a and 2a). Within the TD, the ~300‐km‐wide Turkana rifted zone 
include, from west to east, the North Lockichar rift basin, the Turkwell rift basin, the Kerio rift basin, 




al., 1989; Rosendahl et al., 1992; Morley, Day, et al., 1999; Ebinger et al., 2000; Bonini et al., 2005; 
Vetel et al., 2005; Vetel & Le Gall, 2006; Brune et al., 2017; Corti et al., 2019).  
Ebinger et al. (2000), Bonini et al. (2005), and Vetel and Le Gall (2006) considered the Lake Turkana 
rift basin to be the northward propagation of the Kenya rift and the poorly known Ririba rift east of 
the Kino Sogo fault belt (Figure 4a) to be the southward propagation of the Main Ethiopian Rift 
within the TD. 
 
Figure 2.4: (a) Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) showing the Turkana Depression (TD) and 
individual segments of the Turkana rifted zone. (b) The 3‐2‐1 Landsat Thematic Mapper (TM) image of the Kino Sogo fault belt. The image 
is obtained from Google Earth Pro. 
The TD around the Turkana rifted zone is floored with outcrops of Precambrian crystalline 
basement rocks, Mesozoic and Cenozoic sediments, and Cenozoic volcanics (Figure 5a; e.g., Morley, 




that different segments of the Turkana rifted zone are filled with Paleogene‐Neogene, Neogene, and 
Neogene‐Quaternary sediments (Figure 5b; e.g., Morley, Wescott, et al., 1999; Vetel & Le 
Gall, 2006). Further, Vetel and Le Gall (2006) suggested that the Turkana rifted zone evolved through 
five volcanic‐tectonic events that occurred during the periods 45–23, 23–15, 15–6, 6–2.6, and 2.6 
Ma–Present. 
Morley, Wescott, et al. (1999) described the North Lokichar rift basin as a half graben, which 
is bounded by a border fault on its western side (Figures 4a, 5a, and 5b). This fault has well‐defined 
morphological expression (Figure 4a) as well as it can be traced to a depth of ~10 km as observed 
from controlled source seismic imaging (Figure 5b; Morley, Wescott, et al., 1999). However, unlike 
the Lokichar rift basin, the border faults of the Turkwell and Kerio rift basins do not have well‐
defined morphological expression (Figure 4a). However, results from controlled source seismic data 
suggested the presence of border faults on the western side of these rift basins (Figure 5b; Morley, 
Wescott, et al., 1999; Vetel & Le Gall, 2006). 
From controlled source seismic data, Dunkelman et al. (1989) described the Lake Turkana rift 
basin to be formed from a series of north trending half grabens with alternating border faults on their 
eastern and western sides. Further, they suggested that these half grabens become progressively 
deeper toward the northern part of the Lake Turkana rift basin reaching a depth of up to ~4 km. 
Further, from controlled source seismic data collected along N‐S profile (Figure 6a) by the Kenya 
Rift International Seismic Project (KRISP) Working Group (1991) (Figure 6a), Keller et al. (1994), 
Mechie et al. (1994), and Prodehl et al. (1994) have shown that the crust beneath the central part of 





Figure 2.5: (a) Geological map of portion of the Turkana Depression (TD) showing the exposed rock formations, segments of the Turkana 
rifted zone, and proposed subsurface extension of the Anza rift. NL = North Lokichar rift basin, TU = Turkwell rift basin, KE = Kerio rift 
basin, LT = Lake Turkana rift basin, KS = Kino Sogo fault belt. (b) E‐W geological section across segments of the Turkana rifted zone 
based on controlled source seismic and borehole data. See Figure 5a for the location of the cross section. Modified from Morley, Wescott, et 
al. (1999) and Vetel and Le Gall (2006). 
This thin crust becomes progressively thicker toward the south until reaching ~35‐km thickness in the 
northern part of the East Africa plateau. From restoration of a controlled source seismic section across 
the southern part of the Turkana rifted zone including the southern part of the Lake Turkana rift basin, 
Hendrie et al. (1994) estimated the total extension to be between 35 and 40 km. In addition, they used 
this extension to estimate a stretching factor ranging between 1.55 and 1.65. Further, they pointed that 




agreement with the crustal thinning reported by Keller et al. (1994), Mechie et al. (1994), and Prodehl 
et al. (1994). 
The Kino Sogo fault belt has an unusual geometry compared to other segments of the 
Turkana rifted zone. It is an ~40‐km‐wide zone of extension dominated by alternation of 1‐ to 2‐km‐
wide horsts and grabens, which dissect Cenozoic lava flows (Figures 4a, 4b, and 5a; e.g., Vetel et 
al., 2005). These authors explained the presence of the anomalously narrow grabens constituting the 
Kino Sogo fault belt as due to the reactivation of penetrative preexisting Precambrian fabric or strain 
localization within intense fracture system that was formed as the result of the extrusion and 
crystallization of the Cenozoic lava flows. 
Figure 2.6: (a) Bouguer gravity anomaly map of the Turkana Depression (TD) and its surroundings obtained from the European Improved 
Gravity Model of the Earth by New Techniques (EIGEN‐6C4). The solid white line shows that trace of the controlled source seismic data of 
Keller et al. (1994). The dashed white lines labeled “1” and “2” show the location of the two‐dimensional (2‐D) forward gravity models 
shown in Figures 7 and 8, respectively. (b) The Moho depth beneath the TD and its surroundings obtained from the 2‐D Lithoflex inversion 




Recently, Corti et al. (2019) described the Ririba rift (Figure 4a) as a 10–25‐km‐wide zone of N‐S 
trending normal faults. Using field observations, 40Ar/39Ar geochronological study, and numerical 
modeling, they suggested that the Ririba rift started propagating southward during the Pliocene, but 
this propagation seized during the Pliocene‐Pleistocene due to the development of a direct link 
between the Main Ethiopian Rift and the Kenya rift within the TD. Further, they suggested that the 
rift development was strongly influenced by the presence of the penetrative preexisting Precambrian 
fabric. 
2.6 Data and Methods 
2.6.1 Data 
The satellite gravity data I used in this study is EIGEN‐6C4 (Figure 6a). The EIGEN‐6C4 is a 
reconstruction of the Earth Gravity Model 2008 (EGM 2008) and contains the complete Satellite 
Gravity Gradiometry (SGG) data (Txx, Tyy, Tzz, Txz) of the Gravity Field and Steady‐state Ocean 
Circulation (GOCE) mission (Bruinsma et al., 2014). This globally combined gravity field model is 
inferred from the Laser Geodynamics Satellite (LAGEOS), Gravity Recovery and Climate 
Experiment (GRACE), GOCE, and Danmarks Tekniske Universitet (DTU) ground data, and has 
spherical harmonic degrees of 2190. The spatial resolution of the EIGEN‐6C4 data is ~9 km. 
Alongside with EIGEN‐6C4 (Figure 6a), I use the Earth Topography 1 arc min (ETOPO1) Digital 








2.6.2.1 Moho Depth Imaging with Lithoflex 
I used Lithoflex inversion to image the Moho depth beneath the TD and its surroundings 
(Figure 6b). In this inversion, I consider the Moho to be represented by the density interface between 
the crust and the SCLM. Lithoflex has been successfully used elsewhere to determine the depth to 
Moho, flexural rigidity, basement, and spatial variations of flexure parameters (e.g., Alemu et 
al., 2018; Braitenberg et al., 2002, 2003, 2006; Ebbing et al., 2007; Wienecke et al., 2007). Lithoflex 
uses the algorithm developed by Braitenberg et al. (2002), which, among other functionalities, it 
performs Moho depth gravity inversion modeling as a function of reference depth to Moho, density 
contrast between the crust and SCLM, and filtering cutoff wavelength. The Lithoflex inversion 
iterates the Fourier analysis of the topography, and inverts it based on the Moho reference depth 
through the inverse Fourier transform. For this model, I use topographic data obtained from the 
GTOPO1. I assigned a value of 24 km for the reference depth to Moho based on the depth obtained 
from the controlled source seismic data for the central part of the Lake Turkana rift basin (Keller et 
al., 1994). I also assign a value of 0.5 gm/cm3 for the density contrast between the crust and SCLM 
and a value of 150,000 m for the filtering cutoff wavelength. I use this filtering cutoff wavelength to 
enable the inversion model to suppress wavelengths that are smaller than 150 km. This helps in 
limiting the potential projection of the superficial masses to the Moho level. Moreover, I chose to use 
a relatively high density contrast (0.5 gm/cm3) between the crust and SCLM. This is to ensure 
defining the Moho interface within the zone of high‐density difference between the crust (2.6 
gm/cm3) and SCLM (3.1 gm/cm3). I use the initial Moho reference depth of 24 km to complete the 
first test of delineating the assigned density contrast between the crust and SCLM. Subsequently, 
through multiple iterations, I approximate the boundary between the crust and SCLM through 




2.6.2.2 Lithospheric Imaging with 2‐D Forward Gravity Modeling 
I used 2‐D forward gravity modeling to produce lithospheric scale cross sections for the TD 
and its surroundings including the depth to the upper and middle crust boundaries, the depth to Moho, 
and the depth to lithosphere‐asthenosphere boundary (LAB). For this, I use the GYMSYS Oasis 
Montaj software to model the Bouguer gravity anomalies of the EIGEN‐6C4. This software uses an 
algorithm first published by Talwani et al. (1959) and was later updated by Won and Bevis (1987). 
I produce two 2‐D forward gravity models to the depth of 50 and 300 km. The first models 
follow a N‐S direction along longitude 36°E and extend from 5°N to 2°S. These models cover the 
eastern side of the East Africa plateau in the south and the TD along the trace of the Lake Turkana rift 
basin to the north (shown with dashed white line labeled “1” in Figure 6a). This baseline is selected to 
use results obtained for the depth to the upper and middle crust boundaries and the Moho from the 
controlled source seismic imaging of Keller et al. (1994) as constraints (shown with solid white line 
in Figure 6a). I also aim at characterizing the lithospheric structure beneath the TD bounded by the 
Ethiopia‐Yemen plateau in the northeast and the East Africa plateau to the southwest. Hence, I 
develop another set of models extending in a NE‐SW direction from 5°N and 40°E to 2°S and 33°E 
(shown with dashed white line labeled “2” in Figure 6a). For all models, I use density values of 3.3 
gm/cm3 for the asthenosphere, 3.1 gm/cm3 for the SCLM, 2.95 gm/cm3 for the lower crust, 2.85 
gm/cm3 for the middle crust, and 2.67 gm/cm3 for the upper crust. Mafic magmatic underplating was 
reported by Thybo et al. (2000) beneath the Kenya rift from controlled source seismic imaging. This 
mafic magmatic underplating is centered around 2°S and 36°30′E to the southeast of the 2‐D forward 
gravity models. Hence, I did not account for mafic magmatic underplating through the introduction of 




2.6.2.3 Mapping Upper Crust Density Distribution With Inversion of Gravity Data Over 3‐D 
Structure 
In order to characterize the dominant upper crustal structural expressions within the TD, I 
develop a 3‐D density distribution model for the Kino Sogo fault zone (Figures 4a and 4b) to a depth 
of 14.5 km. I select the Kino Sogo fault belt because it has well‐exposed and distinct N‐S trending 
pattern of horst and graben structure (Figure 4b) that are expected to overprint possibly underlying 
NW trending structure associated with the Anza rift. The region covered by the model coincides with 
that shown in Figure 4b. I use the Inversion of Gravity Data over 3D Structure (GRAV3D) software. 
The GRAV3D software was developed by the University of British Colombia Geophysical Inversion 
Facility based on an algorithm developed by Li and Oldenburg (1998). This 3‐D inversion integrates 
the residual Bouguer gravity anomalies of EIGEN‐6C4 with topography obtained from GTOPO1 
data. The algorithm conducts the inversion as an optimization problem of finding the best fit by using 
the density model identifier such that the result is produced within the error tolerance limit. The 
densities I use for the 3‐D inversion are 2.4 and 2.8 gm/cm3 for the upper and lower bounds, 
respectively. I set the model with an initial density value of 2.43 gm/cm3 in order to isolate trends of 
low‐density responses from the residual gravity anomalies and topography data. Subsequently, I test 
the initial model against the lower (2.4 gm/cm3) and upper (2.8 gm/cm3) density bounds to satisfy the 
observed residual gravity anomalies with solutions that are within 95% confidence interval. 
The original EIGEN‐6C4 has a spatial resolution of 9 km. Hence, to overcome the 
shortcoming of the poor spatial resolution, I use a residual grid containing the high‐frequency 
information extracted from the Bouguer gravity anomalies of the EIGEN‐6C4 in the GRAV3D 
inversion. To produce the residual grid, I subtract the grid containing the original Bouguer gravity 
anomalies from a gird that is smoothed by the Hanning filter. This residual grid is expected to 




gravity anomalies are removed. Further, to account for any error in finding the optimal inversion 
solution, I use the generalized cross‐validation approach. This approach assumes that a good solution 
to the inverse problem is one that is not overly sensitive to any particular datum (Oldenburg & 
Li, 2005). 
2.7 Results 
2.7.1 Bouguer Gravity Anomalies 
The TD is characterized by the presence of high Bouguer gravity anomalies reaching ~ −30 
mGal in the southeastern part of the depression (Figure 6a). This is different from the southwestern 
part of the Ethiopia‐Yemen plateau, which is characterized by a relatively low Bouguer gravity 
anomalies reaching ~ −160 mGal (Figure 6a). The high Bouguer gravity anomalies dominating the 
TD are sharply different from the low Bouguer gravity anomalies dominating the East Africa plateau 
to the southwest that reach ~ −210 mGal (Figure 6a). I attribute the presence of high Bouguer gravity 
anomalies within the TD to a combined effect of denser lithological units such as basalt and an 
underlying thinner crust (see section 4.2). I also attribute the presence of significantly low Bouguer 
gravity anomalies within the East Africa plateau to two effects. These include the presence of less 
dense material of the Precambrian cratons, metacraton and orogenic belts such as gneisses and 
granites (Figure 3b), and the presence of an underlying thicker crust (see section 4.2). I further 
attribute the presence of relatively low Bouguer gravity anomalies within the Ethiopia‐Yemen plateau 
to the presence of less dense Precambrian gneisses and migmatities that dominate the southwestern 






2.7.2 The Depth to Moho 
The results from the Moho depth map of the TD and its surrounding show clear thinning of 
the crust beneath the depression, especially close to the northeastern margin of the East Africa plateau 
where the thickness of the crust ranges between 23 and 28 km (Figure 6b). The thinner crust beneath 
the TD is surrounded in the northeast and southwest by a relatively thicker crust beneath the Ethiopia‐
Yemen plateau and the East Africa plateau (Figure 6b). The crust in the northeastern part of the East 
Africa plateau becomes as thick as ~40 km (Figure 6b). This is in good agreement with the seismic 
reflection results of KRISP Working Group (1991), Keller et al. (1994), Mechie et al. (1994), and 
Prodehl et al. (1994), which show that the crust in this part of the East Africa plateau is ~35 km thick. 
The thinner crust within the TD shows an overall NW‐SE trend parallel to the assumed strike 
of the KSR. However, I observe finer crustal thinning patterns within the overall NW‐SE trend of 
thinner crust. First, the trend of the thinner crust is not centered beneath the central part of the 
depression. Rather, this thinning of the crust follows the region to the northeast of the East Africa 
plateau (Figure 6b). However, I found the thinnest crust (~23 km) to be in the southeastern side of the 
TD (labeled “SE” in Figure 6b). Second, I observe an E‐W trending zone of thinner crust in the 
northwestern part of the TD west of the northern tip of the Lake Turkana rift basin (labeled E‐W in 
Figure 6b). The thickness of the crust in the central part of this E‐W trending zone reaches ~23 km 
(Figure 6b). This zone of E‐W crustal thinning is confined to latitudes 4°N and 5°N and stretches 
between longitudes 34°E and 37°E (Figure 6b). Third, I observed a N‐S trending zone of thinner crust 
(26–27 km) immediately to the west of the southern half of the Lake Turkana rift basin (labeled N‐S 
in Figure 6b). This zone of N‐S crustal thinning is confined between longitude 35°E and 36°E and 
stretches between latitudes 3°30′N and 4°N (Figure 6b). I note that the zone of E‐W crustal thinning 
coincides and immediately to the east of the proposed northwestern continuation of the Anza rift 




connect with the Mongala basin through the South Sudan shear zone (Figure 2a; Bosworth, 1992). In 
addition, it is possible that the zone of N‐S crustal thinning is associated with the tectonic extension 
that resulted in the formation of the Lake Turkana rift basin and that this crustal thinning was 
superimposed on the overall NW‐SE crustal thinning beneath the KSR. 
The thinning of the crust beneath the TD is also evident from the 2‐D forward gravity model 
that is constrained by results of the controlled source seismic imaging of Keller et al. (1994). The first 
2‐D forward gravity model follows longitude 36°E and stretches between latitudes 2°S and 5°N 
(Figure 6a). The northern half of the model extends within the TD following the trace of the Lake 
Turkana rift basin, whereas the southern half of the model extends within the eastern side of the East 
Africa plateau (Figure 7a). The 2‐D forward gravity model shows gradual thinning of the middle and 
lower crust from south to north (Figure 7a). I find the thickest crust to be beneath the East Africa 
plateau reaching a maximum thickness of ~35 km (Figure 7a). I also find the thinnest crust to be 
beneath the Lake Turkana rift basin reaching ~20 km. This is in good agreement with results from the 
controlled source seismic imaging of KRISP Working Group (1991), Keller et al. (1994), Mechie et 
al. (1994), and Prodehl et al. (1994), which show progressive thinning of the middle and lower crust 
from the East Africa plateau to the Lake Turkana rift basin within the TD. The lower boundaries of 
the upper, middle, and lower crust as defined by the controlled source seismic imaging of Keller et al. 
(1994) are shown with thick white line in Figure 7a. The controlled source seismic imaging of Keller 
et al. (1994) shows the depth to Moho in the southwestern side of the Lake Turkana rift basin to be as 








Figure 2.7: (a) N‐S and (b) NE‐SW two‐dimensional (2‐D) forward gravity models showing the crustal structure beneath the Turkana 
Depression (TD) and its surroundings. See Figure 6 for the location of the models. The thick white lines in the N‐S model in (a) represent 
the boundaries of the upper, middle, and lower crust as defined by the controlled source seismic data of Keller et al. (1994). The N‐S model 







The results showing thinner crust beneath the TD are also in good agreement with those 
obtained from Rayleigh wave dispersion measurements by Benoit et al. (2006). Benoit et al. (2006) 
obtained crustal thickness ranging between ~26 and ~30 km and an average crustal thickness of ~25 
km for the TD. This is almost identical to the crustal thickness of 23–28 km I obtained for the TD. 
The Moho depth results are also in general agreement with Moho depth estimates obtained 
from broadband passive seismic receiver function analysis by Plasman et al. (2017). Two of the 
passive seismic stations used by these authors to image the Moho beneath the North Tanzania 
Divergence are located in the southernmost part of the study area. These stations are shown with red 
triangles labeled KEN2 and KEN4 in Figure 6b. Plasman et al. (2017) obtained a Moho depth of 28.0 
km for station KEN2 and a Moho depth of 37.1 km for station KEN4. I find the 28.0‐km Moho depth 
obtained by Plasman et al. (2017) for station KEN2 to be slightly shallower than the Moho depth of 
32 km I obtained for this site (Figure 6b). I note here that these authors reported an error of 6.8 km for 
the Moho depth estimated for station KEN2. For this site, I calculate an error of 1.42 km for the 32‐
km Moho depth I obtained from the inversion of the Bouguer gravity anomalies of the EIGEN‐6C4. I 
find the Moho depth of 37.1 km obtained by Plasman et al. (2017) for station KEN4 to be almost 
identical to the Moho depth of 35 km I obtain for this site given that the error reported by these 
authors for this station is 1.7 km. For this site (KEN4), I calculate an error of 1.56 km for the 35‐km 
Moho depth I obtain from the inversion of the Bouguer gravity anomalies of the EIGEN‐6C4. 
The second 2‐D forward gravity model runs in a NE‐SW direction from the central part of the 
East Africa plateau to the southwestern part of the Ethiopia‐Yemen plateau (shown with dashed white 
line labeled “2” in Figure 6a). This model crosses the entire TD, but does not encounter the Lake 
Turkana rift basin as in the case of the first model (Figure 6a). Similar to the first model, I find in the 
second model the thickest crust to be beneath the East Africa plateau reaching ~40 km (Figure 7b). 




the TD reaching ~28 km (Figure 7b). This is in good agreement with results from the 2D gravity 
inversion of the Bouguer gravity anomalies EIGEN‐6C4 (Figure 6b). 
2.7.3 The Depth to LAB 
The results from imaging the LAB using 2‐D forward gravity modeling show that the TD is 
underlain by a relatively thin lithosphere. The 2‐D forward gravity model that stretches N‐S from the 
eastern side of the East African plateau into the TD following the trace of the Lake Turkana rift basin 
(shown with dashed white line labeled “1” in Figure 6a) shows thick lithosphere beneath the East 
Africa plateau reaching ~200 km (Figure 8a). The lithosphere becomes progressively thinner 
northward beneath the TD and the Lake Turkana rift basin reaching ~150 km in the central part of the 
depression and the northern part of the Lake Turkana rift basin (Figure 8a). I observe similar thinning 
of the lithosphere beneath the TD in the NE‐SW trending 2‐D forward gravity model that stretches 
from the central part of the East Africa plateau to the southwestern part of the Ethiopia‐Yemen 
plateau (shown with dashed white line labeled “2” in Figure 6a). This model shows that the Ethiopia‐
Yemen plateau is underlain by a relatively thick lithosphere reaching ~200 km (Figure 8b). The 
lithosphere thins from ~200 km beneath the East Africa plateau to ~140 km beneath the TD 
(Figure 8b). Northeast of the TD on the southwestern edge of the Ethiopia‐Yemen plateau, the 
lithosphere slightly thickens to ~160 km before gradually thins toward the Ethiopia‐Yemen 





Figure 2.8: (a) N‐S and (b) NE‐SW two‐dimensional (2‐D) forward gravity models showing the lithospheric structure beneath the Turkana 
Depression (TD) and its surroundings. See Figure 6 for the location of the models. The N‐S model in (a) shows thinner lithosphere beneath 
the TD and the Lake Turkana rift basin. The NE‐SW model in (b) shows relatively thin lithosphere beneath the TD. The unit of the RMSE 
is mGal.  
The estimations of the thickness of the lithosphere I obtain for the TD and its surrounding 
from the 2‐D gravity inversion of the Bouguer gravity anomalies EIGEN‐6C4 are in good agreement 
with regional lithospheric thickness estimates by Priestley and McKenzie (2006) that show a general 
thinning of the lithosphere from the East Africa plateau toward the TD. In addition, the general 
topography of the LAB I image from the 2‐D forward gravity models is in agreement with a regional 




Africa plateau toward the Ethiopia‐Yemen plateau to reach ~100 km beneath the Main Ethiopian Rift 
and the Afar Depression. The thinner lithosphere (~140 to ~150 km) I imaged for the TD is also in 
good agreement with results of upper mantle seismic velocity structure that found slow Sn wave (4.1–
4.3 km/s) and S wave (4.0–4.2 km/s) velocities at upper mantle depth (100–150 km) beneath the TD 
(Benoit et al., 2006; Emry et al., 2019). 
2.7.4 The 3‐D Density Distribution Model 
The 3D density distribution model I produce from the inversion of the residual of the 
Bouguer gravity anomalies of the EIGEN 6C4 covering the Kino Sogo fault belt shows different 
density distribution patterns at different depth. In this model, I densities ranging between 2.4 and 2.8 
gm/cm3. There are no Mesozoic sediments underlying the Kino Sogo fault zone and the grabens of 
the fault zone itself have no significant throw to accumulate significant amount of Cenozoic 
sediments (Vetel et al., 2005; Vetel & Le Gall, 2006). Hence, I consider these density differences to 
be related to the proportional presence of interleaving geological units such as Precambrian 
crystalline basement rocks, Cenozoic basaltic rocks, and possibly Mesozoic and Cenozoic mafic dikes 
at depth. I observe that the density distribution model at 0‐km depth shows subtle N‐S trending 
density contrast anomalies (Figure 9a). It is possible that the lack of clarity of the N‐S trending 
anomalies is due to the weak nature of density contrasts at this shallow level. I also observe that the 
density distribution model at 4.8‐km depth is characterized by the presence of strong N‐S and E‐W 
density contrast anomalies and that the N‐S density contrast anomalies seem to be narrower than the 
E‐W density contrast anomalies (Figure 9b). Further, I observe that the density distribution model at 
9.8‐km depth is dominated by broad E‐W density contrast anomalies (Figure 9c). I discuss the 






Figure 2.9: Three‐dimensional (3‐D) density distribution model of the Kino Sogo fault belt and the underlying structure within the Turkana 
Depression (TD). See Figures 4a and 4b for the location of the region within the TD covered by the model. (a) Density distribution model at 
0‐km depth. At this depth, the model shows subtle N‐S trending density contrast anomalies. (b) Density distribution model at 4.8‐km depth. 
At this depth, the model shows both N‐S and E‐W density contrast anomalies. (c) Density distribution at 9.8‐km depth. At this depth, the 





2.8.1 Origin of the Lithospheric Structure Beneath the TD 
The fact that the Neogene‐Quaternary EARS, which intersects the late Jurassic‐early 
Paleogene KSR within the TD, is younger extensional tectonic feature is a compelling reason to 
assume that the lithospheric structure in the region has been largely influenced by the EARS. The 
expectation would be that the observed crustal and lithospheric thinning will follow the surface 
expression of the EARS rather than that of the KSR. However, the results show that the trend of the 
dominant crustal thinning is NW‐SE following what has been suggested to be the trend of KSR (e.g., 
Bosworth, 1992; Dou et al., 2007; Fairhead, 1988). This is particularity evident from the Moho depth 
results obtained from the 2‐D inversion of the Bouguer gravity anomalies of the EIGEN‐6C4 
(Figure 6b). 
The Moho depth estimates from the 2‐D inversion also show the presence of thicker crust 
northeast and southwest of the TD, especially beneath the East Africa plateau (Figure 6b). The 
presence of a thicker crust beneath the East Africa plateau can easily be explained as due to a 
combined effect of the presence of Precambrian cratons and orogenic belts and isostatic compensation 
due to elevated topography. It is less clear to us why there is a relatively thick crust beneath the 
southwestern part of the Ethiopia‐Yemen plateau since this region is dominated by the broadly rifted 
zone of the Main Ethiopian Rift (e.g., Emishaw et al., 2017). Receiver function passive seismic 
studies by Dugda et al. (2005) and Keranen et al. (2009) in the broadly rifted zone immediately north 
of the study area calculated crustal thickness ranging between 38 and 27 km for 10 of the broadband 
seismic stations used in these studies. Nonetheless, thick crust ranging between 40 and 42 km has also 
been reported for five of the broadband seismic stations used in these studies (Dugda et al., 2005; 




beneath the Northwestern plateau to the west of the Main Ethiopian Rift (Figure 1; Tiberi et 
al., 2005). However, based on the lack of high Bouguer gravity anomalies, Emishaw et al. (2017) 
suggested that the presence of thick crust beneath the broadly rifted zone cannot be due to mafic 
underplating that might have accompanied the formation of the EARS. Hence, it is possible that the 
relatively thick crust beneath the southwestern part of the Ethiopia‐Yemen plateau was present since 
the formation of the KSR. It is possible that this thick crust was inherited from a tectonic event as old 
as the Neoproterozoic such as the collision between East and West Gondwana along the East African 
orogen (Abdelsalam & Stern, 1996; Fritz et al., 2013; Stern, 1994). 
I further suggest that the initial thinning of the crust beneath the TD occurred as a result of 
late Jurassic‐early Paleogene NE‐SW tectonic extension that resulted in the formation of the KSR. It 
is possible that additional thinning of the crust beneath the TD occurred due to Neogene‐Quaternary 
E‐W tectonic extension that resulted in the formation of segments of the EARS including the Turkana 
rifted zone. This is in good agreement with Morley et al. (1992) and Morley (1994) who proposed 
that the Moho topography that is observed today might be due to cumulative effect of the 
superposition of segments of the EARS on the KSR. 
2.8.2 Origin of Depth Variation of the Density Contrast Anomalies Beneath the Kino Sogo Fault 
Belt 
As mentioned above, it is likely that the crustal thinning beneath the TD is due to the 
extension that resulted in the formation of the KSR in addition to superimposition of tectonic 
extension that produced the EARS. The 3‐D density distribution model shows that the crust beneath 
the Kino Sogo fault belt to a depth of 4.8 km is characterized by N‐S trending density contrast 




(Figure 4b). Hence, it is tempting to consider the cause of the N‐S density contrast anomalies to be 
the alternation of the horsts and grabens of the Kino Sogo fault belt.  
However, as mentioned before the horsts and grabens of the fault belt are 1 to 2 km wide, which 
dissect Cenozoic lava flows and that the grabens do not contain any significant amount of Cenozoic 
sediments (Vetel et al., 2005; Vetel & Le Gall, 2006). Alternatively, it is possible that the cause of the 
N‐S trending density contrast anomalies is the presence of N‐S trending Precambrian structure 
defined by the alternation of geological units with varied densities. The Precambrian structure might 
have facilitated strain localization during the onset of the Kino Sogo fault belt. It is worth mentioning 
here that the Kino Sogo fault belt crops out between the Precambrian Tulu‐Dimtu and Adola‐Moyale 
belts; both are characterized by interleaving of N‐S trending zones of gneisses and migmatities on the 
one hand and volcano‐sedimentary rocks with ophiolite fragments on the other hand (Figures 3a 
and 3b). 
The 3‐D density distribution model also shows that the crust beneath 4.8‐km depth is 
dominated by E‐W trending density contrast anomalies (Figure 9b). The cause of these density 
contrast anomalies cannot be directly related to sediments‐filled grabens related to the Anza rift. This 
is because no Mesozoic sediments are recorded beneath the Kino Sogo fault belt (Vetel et al., 2005; 
Vetel & Le Gall, 2006). It is true that the overall trend of the Anza rift has been established from 
geophysical data as being NW‐SE (e.g., Bosworth, 1992; Bosworth & Morley, 1994; Dindi, 1994; 
Morley, Day, et al., 1999). However, it is possible that the rift geometry is further shaped by the 
presence of E‐W trending structure. For example, from outcrop data, Williamson and Savage (1986) 
have shown that the Cretaceous‐Paleogene Turkana Grits west of the Lake Turkana rift basin are 
deformed by E‐W trending dextral strike‐slip faults and these faults might have formed after an early 
rifting structure. Hence, it is possible that the source the E‐W trending density contrast anomalies 




of dextral strike‐slip faults. However, it is also possible that the cause of the density contrast 
anomalies is transverse faults associated with the development of the Turkana rifted zone.  
These Mesozoic and/or Cenozoic E‐W trending faults might have guided the upward migration of 
Cenozoic magmatism that is apparent in the surface as extensive basaltic flows within the Kino Sogo 
fault zone (Vetel et al., 2005; Vetel & Le Gall, 2006). Portions of the magma might have crystallized 
within the E‐W trending faults as mafic dikes, hence resulting in the strong E‐W trending density 
contrast anomalies. Nonetheless, I do not rule out the presence of Mesozoic mafic dikes. Mafic sills 
were reported from controlled source seismic imaging by Bosworth and Morley (1994) from the 
central part of the Anza rift close to base of the Cretaceous‐Paleogene sediments at depth ranging 
between ~5 and ~9 km (Figure 2b). 
2.8.3 The Role of the Precambrian Structure 
The regional Precambrian tectonic map of the TD and its surroundings proposes possible 
correlation of dominant structure across the depression (Figure 3b; e.g., Fritz et al., 2013). The N‐S 
trending low‐grade volcano‐sedimentary belts in southern Ethiopia (Tulu‐Dimtu and Adola‐Moyale) 
have been correlated to shear zones in Kenya (Mutito and Nyangere) across the TD (Figures 3a 
and 3b). This suggests that these Precambrian belts have no influence on the evolution of the NW‐SE 
trending KSR. However, here I draw attention to three observations that highlight the importance of 
the Precambrian structure in the evolution of the KSR. First, the TD coincides with fundamental 
changes in the lithospheric structure of the Precambrian blocks. In the southwest within the East 
Africa plateau, the Precambrian blocks are dominantly Archean to Mesoproterozoic cratons, 
metacraton, and orogenic belts constituting medium to high‐grade metamorphic rocks (Figure 3b). To 
the northeast, the southwestern part of the Ethiopia‐Yemen plateau is dominated by the interleaving 




the northeastern margin of the East Africa plateau is occupied by the Neoproterozoic Sekerr fold and 
thrust belt, which represents the suture zone between the Saharan Metacraton in the southwest and the 
Arabian‐Nubian Shield to the northeast (Figure 3b; Abdelsalam & Dawoud, 1991). Third, the Aswa 
shear zone is found in the northeastern side of the East Africa plateau separating the Saharan 
Metacraton in the northeast from the Northeast Congo block to the southwest. It has been suggested 
that the continuation of the Aswa shear zone to the northwest in South Sudan had a significant 
influence in strain localization during the late Jurassic‐early Paleogene rifting event (Daly et 
al., 1989). The Aswa shear zone also marks significant difference in seismic structure across it. 
Faster S wave velocities are observed southwest of the shear zone and slower velocities are observed 
northeast of it (Abdelsalam et al., 2011; Katumwehe et al., 2016). Hence, it is possible that the KSR 
was localized at the interface of two Precambrian blocks, possibly thicker and older lithosphere in the 
southwest and thinner and juvenile lithosphere to the northeast. 
2.8.4 Implications for the Development of the Eastern Branch of the EARS 
The Turkana rifted zone within the TD is an anomalously wide (~300 km) zone of distributed 
extension constituting several rift basins (Figures 4a, 4b, 5a, and 5b; Dunkelman et al., 1989; Morley, 
Day, et al., 1999; Rosendahl et al., 1992; Vetel et al., 2005; Vetel & Le Gall, 2006). It has long been 
suggested that the thickness and thermal structure of the lithosphere can significantly influence the 
distribution of extensional strain and the width of the rifted zone (e.g., Buck, 1991). For example, 
Kogan et al. (2012) used Global Positioning System measurements to relate the width of the zones 
within which extensional strain is accommodated within the Afar Depression and the Main Ethiopian 
Rift to the thickness and thermal structure of the lithosphere. They attributed the wide zone (~175 
km) within which extensional strain is accommodated in the Afar Depression to the virtual absence of 
the SCLM beneath the depression. In addition, they attributed the relatively narrow zone (~85 km) 




presence of anomalously thin and hot lithosphere. Further, Kogan et al. (2012) explained the 
extremely narrow zone (<10 km) within which extensional strain is accommodated within the 
southern Main Ethiopian Rift as due to the presence relatively thicker lithosphere. 
Differently, Koptev et al. (2018) used thermo‐mechanical numerical models guided by 
observations from the Eastern Branch of the EARS to examine the relationship between the width of 
rift segments and the interaction of an uprising mantle plume head with the base of a laterally 
homogeneous lithosphere. They explained that the Kenya rift developed as a narrow rift segment 
within the Eastern Branch because of an uprising mantle plume head (Kenya plume head) beneath the 
rift that heated the lithosphere, and hence thermally weakened it. On the other hand, Koptev et al. 
(2018) explained the development of the Turkana rifted zone within the TD in the north and the North 
Tanzania Divergence to the south (Figure 3a) as wide rift segments as due to the presence of colder 
lithosphere beneath these rift segments of the Eastern Branch. 
The results show evidence for thinning of both the crust and the lithosphere beneath the TD. 
In addition, upper mantle velocity results found slow Sn and S wave velocities beneath the TD 
(Benoit et al., 2006; Emry et al., 2019), and these slow velocities might be suggestive of the presence 
of hot lithosphere beneath the depression. Hence, I attribute the development of the Turkana rifted 
zone as an anomalously wider rift zone within the Eastern Branch of the EARS to prior thinning of 
the lithosphere that took place in association with the formation of the KSR during the late Jurassic to 
early Paleogene. This suggestion is in good agreement with results of analog experiments and 
numerical models presented by Brune et al. (2017) for the Turkana rifted zone within the TD. Brune 
et al. (2017) attributed the wide zone within which extensional strain is accommodated across the 
Turkana rifted zone to the presence of thin crust that was inherited from the late Jurassic‐early 




attributed the fact the Main Ethiopian Rift and the Kenya rift did not connect directly to each other, 
but rather rotated away from each other, to the presence of this thin crust. 
2.9 Conclusion 
Results that I obtained from imaging the crustal and lithospheric thickness beneath the TD 
and its surroundings using 2‐D inversion and 2‐D forward gravity modeling of the Bouguer gravity 
anomalies of the EIGEN‐6C4 show thinner crust (between 23 and 28 km) and lithosphere (between 
140 and 150 km) beneath the TD. This crustal and lithospheric thinning was due to late Jurassic‐early 
Paleogene tectonic extension that resulted in the formation of the KSR. Results I obtained from 3‐D 
density distribution modeling of the EIGEN‐6C4 covering the Kino Sogo fault belt show that the 
crustal depth between 0 and 4.8 km is dominated by N‐S density contrast anomalies. These anomalies 
are reflective of the presence of strong N‐S Precambrian fabric that facilitated localization of strain 
during the formation of the Kino Sogo fault belt. The crustal depth between 4.8 and 14.5 km beneath 
the Kino Sogo fault belt is dominated by E‐W density contrast anomalies. These anomalies are 
associated with Mesozoic and or Cenozoic faults. These faults are E‐W trending dextral strike‐slip 
faults developed in association with the late Jurassic‐early Paleogene KSR and/or transverse faults 
developed in association with the Neogene‐Quaternary EARS. These faults were subsequently 
intruded by mafic dikes that represent the feeder dikes of the Cenozoic magmatism and subsurface 
mafic dikes of Mesozoic magmatism. The result suggests that the Anza rift is connected to the Sudan 
and South Sudan rift at depth although an apparent surface expression of this connection can be 
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SPECTRAL ANALYSIS WITH PIECEWISE REGRESSION 
APPROACH (SAPRA) OF GRAVITY DATA FOR LITHOSPHERIC 
STRUCTURE IMAGING: THE LAKE TURKANA RIFT BASIN OF 
THE EAST AFRICAN RIFT SYSTEM 
Abstract II 
This work introduces a new quantitative approach involving piecewise regression for the 
identification of unique data points defining the breaks in slope of linear segments of the two-
dimensional (2D) radially-averaged spectrum curves (henceforth spectrum curves) of gravity 
data. This new approach is referred to as the spectral analysis with piecewise regression approach 
(SAPRA). Linear segments of the spectrum curves of gravity data represents deeper 
discontinuities in the Earth interior resulting from density contrast interfaces such as the Moho 
and the Precambrian crystalline basement. Previous approaches used for the identification of data 
points representing breaks in slope of linear segments of the spectrum curve have been subjective 
and this results in considerable inconsistency in the calculation of the depth to the Moho and the 
Precambrian crystalline basement from the gravity data. SAPRA is performed as a one-step 
process to identify and isolate the data points defining the linear segment of the spectrum curves 
that corresponds to the density contrast across the Moho and between the Precambrian crystalline 
basement and the overlying Neogene – Quaternary rift-fill sediment and the Quaternary volcanic 
rocks surrounding the rift basin. To test the effectiveness of SAPRA, this work applied this 
approach to the World Gravity Model 2012 (WGM 2012) to calculate the depth to the Moho and 
the Precambrian crystalline basement beneath the Lake Turkana rift basin, which represents a 




Subsequently, results of the Moho depth from the SAPRA were compared with results from 2D 
forward modeling of the Bouguer gravity anomalies of the WGM 2012 and results from 
controlled-source seismic imaging. This work found a possibly better imaging technique of the 
details of the topography of the Moho beneath the Lake Turkana rift basin using the SAPRA. The 
SAPRA can be readily applied to the gravity data covering other regions in the World for imaging 
the Moho, given the global coverage of gravity data such as the WGM 2012. 
3.1 Introduction 
There has been considerable interest in applying the two-dimensional (2D) radially-
averaged power spectral analysis (henceforth called the spectral analysis) to gravity data since the 
method was introduced in the 1960’s (Horton et al., 1964; Bhattacharyya, 1966; Spector and 
Bhattacharyya, 1966) and subsequently popularized by the groundbreaking paper by Spector and 
Grant (1970). Although it has been used since the 1960’s, the spectral analysis has been 
increasingly used in gravity data analysis starting the 1990’s because of the development of new 
computer-based approaches of interpretation that are capable of processing large amounts of data 
in a relatively short time (Ravat et al., 2007; Mickus and Hussein, 2015). The fundamental of the 
spectral analysis is that it can provide first-order approximation to the depth of density interfaces. 
These interfaces are related to, among other boundaries, major boundaries within the deeper Earth 
interior such as the Moho, which represents the boundary between the crust and sub-continental 
lithospheric mantle (SCLM) (Russo and Speed, 1994). 
The spectral analysis normally uses the Fourier integral to transform the gravity data 
from the space domain into the wavenumber domain. Subsequently, the wavenumber domain data 
are analyzed to determine their spectral characteristics (Dimitriadis et al., 1987). Commonly, a 
two-dimensional (2D) Fourier transform is used to convert the data into the frequency domain. 
However, an one-dimensional (1D) Fourier transform has also been used to determine depth to 




commonly used 2D Fourier transform methods to create a 2D power spectrum of the gravity data 
is an azimuthally averaged spectrum of a sub-region of the data (Shuey et al., 1977; Blakely, 
1988; Tanaka et al., 1999). Subsequently, these 2D radially-averaged power spectrum data are 
plotted on a log plot of Ln-P vs. wavenumber. This spectrum curve represents the response of 
gravity field to density variations as a function of depth. In most cases, the spectrum curves are 
caused by density ensembles represented by changes in its shape that is defined by the change of 
slope of different linear segments (Spector and Grant, 1970). In general, the segment of the 
spectrum curve corresponding to the lower wavenumbers is taken to represent deeper density 
interfaces while the segment of the spectrum curve corresponding to the higher wavenumbers is 
considered to represent shallower density interfaces. It is possible that the segment of the 
spectrum curve with the highest wavenumbers represents the shallowest near-surface density 
interfaces.  However, in most cases, this segment has been commonly interpreted as white noise 
rather than density interface (Tanaka et al., 1999).  
A major concern in determining the depths to density interfaces is how to select the linear 
regression fits in the spectrum curves. This is because the subjectivity in selecting the “best” 
linear regression fits leads to significant uncertainty in the calculated depth to the causative 
density interfaces. To reduce and quantify the uncertainty in the selection of the linear regression 
fit in the calculation of the depth to the Moho and the basment, some studies (Leseane et al., 
2015; Emishaw et al., 2017; Fletcher et al., 2018) have adopted an Excel LINEST function-based 
protocol. The first step in this protocol is the selection of the best three first order polynomial fits 
for the segments of the spectrum curves that will be used for the calculation of the depth to the 
Moho. Subsequently, the average of these depths is calculated as well as the standard deviation 
from the depths to the Lithosphere – Asthenosphere Boundary (LAB) and Moho that were 




standard deviation is used as a means of qualifying the uncertainty in the selection of the linear 
regression fits in the spectrum curves.  
Regardless of these efforts, all protocols established for reducing and quantifying the 
uncertainty in the selection of the linear regression fit of segments of the spectrum curves did not 
address the fundamental problem of how the breaks in the slope of the linear segments of the 
spectrum curves are determined in order to establish the individual linear segments. Determining 
where these breaks occur within the spectrum curves is essential for an unbiased selection of the 
linear regression fit for the data points that define individual linear segments of the spectrum 
curves. In some cases, the breaks in the slope of the linear segments of the spectrum curves are 
sharp, hence can be easily manually identified. However, in most cases, these breaks might not be 
sharp, hence cannot be unbiasedly manually identified. Hence, a more robust quantitative method 
in identifying these breaks in the slope is needed. The need for such quantitative method has been 
appreciated since the early 1970’s, as Treital et al. (1971) pointed that the depth estimates from 
energy density function decay needed a robust statistical analysis. 
 To address the problem of identifying the breaks in slope of the linear segments of the 
spectrum curves, this work introduces a piecewise regression method to identify unique data 
points that define the breaks in slope between the linear segments of the spectrum curve. This will 
be referred to as the spectral analysis with piecewise regression approach (SAPRA). 
Subsequently, results of the depth to the Moho obtained for the Lake Turkana rift basin (which 
represents part of the Eastern Branch of the East African Rift System (EARS))  (Figures 1 and 2) 
from the SAPRA of the World Gravity Model 2012 (WGM 2012) will be presented. In addition, 
these results will be compared with results from 2D forward modeling of the same data (Emishaw 




3.2 The Lake Turkana Rift Basin 
The geology and tectonic setting of the N-trending Lake Turkana rift basin have been 
recently summarized in Emishaw and Abdelsalam (2019). This rift basin represents a segment of 
the Neogene – Quaternary Turkana rifted zone, which dominates the Turkana depression. This 
depression extends in a NW-SE direction between the Ethiopia – Yemen plateau in the northeast 
and the East Africa plateau to the southwest (Figures 1 and 2; Dunkelman, et al., 1989;  
Rosendahl et al., 1992; Morley, 1999a; Ebinger et al., 2000; Bonini et al., 2005; Vetel et al., 
2005; Vetel and Le Gall, 2006; Brune et al., 2017; Emishaw et al., 2017; Corti et al., 2019; 
Emishaw and Abdelsalam, 2019). From controlled source seismic data, Dunkelman et al. (1989) 
described the Lake Turkana rift basin as a series of N-trending half grabens whose border faults 
alternate between the east and west side of the rift basin. Further, Dunkelman et al. (1989) found 
that these half grabens deepen northward to reach ~4 km in depth in the northern part of the Lake 
Turkana rift basin. 
The Lake Turkana rift basin is filled with Neogene – Quaternary coarse clastic sediments 
that are sourced from the nearby mafic volcanic rocks; presently the Lake Turkana is dominated 
by sublittoral to profundal, authigenic low-Mg micrite and ostracodal sands - and silts (Cohen, 
1989). The rift basin is surrounded by Quaternary volcanic rocks, dominantly basaltic in 
composition (Figure 3). Both the sediment filling to rift basin and the Quaternary volcanic rocks 
surrounding it are unconformably overlie Precambrian crystalline basement representing part of 






Figure 3.1: (A) Earth topography 1 arc min (ETOPO1) digital elevation model (DEM) showing the East African Rift System (EARS). 
TRZ = Turkana rifted zone. (B) Shuttle Radar Topography Mission (SRTM) DEM showing the Lake Turkana rift basin within the 
Turkana depression between the Ethiopia – Yemen plateau in the northeast and the East Africa plateau to the southwest. 
 The development of the low relief of the Turkana depression is attributed to the 
intersection between the N- to NE-trending Eastern Brach of the EARS and the NW-trending 
Jurassic – early Paleogene rifts of South Sudan and Kenya. It has been proposed that this 
intersection resulted in significant thinning of the crust beneath the depression and this has led to 
the lowering of the elevation through isostatic adjustment (Benoit et al., 2006). Crustal and 
lithospheric thinning beneath the Turkana depression is documented from various geophysical 
studies. The Kenya Rift International Seismic Project (KRISP) Working Group (1991) collected a 
controlled source seismic data along a N-S profile extending along the strike of the Lake Turkana 




Figure 3.2: Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) of the Lake Turkana rift basin. 
Keller et al. (1994), Mechie et al. (1994) and Prodehl et al. (1994) analyzed these data to show 
that the crust thins from ~35 km thickness beneath the northern part of the East Africa plateau to 
~20 km beneath the central part of the Lake Turkana rift basin. Benoit et al. (2006) used Rayleigh 
wave dispersion analysis to obtain crustal thickness ranging between ~26 km and ~30 km beneath 
the Turkana depression. Using the Lithoflex inversion algorithm (Braitenberg et al., 2002) of the 
WGM 2012, Emishaw and Abdelsalam (2019) showed the presence of NW-SE trending zone of 
crustal thinning beneath the Turkana depression where the crust thickness is between 23 and 28 
km. Emishaw and Abdelsalam (2019) also documented thinning of the crust beneath the Turkana 




used 2D forward gravity modeling suggesting the presence of thinner lithosphere beneath the 
Turkana depression. 
          Figure 3.3:  Geological map of the Turkana Depression. Choubert and Faure-Muret (1990).  
3.3 Fourier Spectral Analysis of Gravity Data 
Using Fourier integrals to analyze gravity data is possible because the Earth acts as a 
low-pass filter with respect to density anomalies, allowing these integral to be analyzed as 
waveforms although they do not inherently exhibit any wave characteristics (Odegard and Berg, 
1975). Initial attempts to apply Fourier spectral analysis to gravity data were made in the late 
1950’s (Serson and Hannaford 1957) and later in the early 1960’s, where updated statistical 
methods were developed for the analysis of aeromagnetic data (Alldregde et al., 1963; Horton et 




cause gravity anomalies in the frequency domain (Bhattacharyya, 1966; Spector and 
Bhattacharyya, 1966; Cassano and Rocca, 1975; Regan and Hinze, 1977; Chowadary, 1978). 
These frequency domain expressions provide the basis for determining the depth to density 
interfaces.  
The Fourier integral transform of the gravity field has been summarized by Sadek et al. 
(1984) and has the following general expression for a function that varies continuously along a 
profile of observations: 
∆?̅?(fy) = ∫ ∆𝑇(𝑦) ∙ 𝑒−𝑖2𝜋(fy)𝑦
∞
−∞
𝑑𝑦                                                                                                   (1) 
where ∆?̅?(fy) is the Fourier transform of ∆𝑇(𝑦), fy is the spatial frequency in the direction of the 
y-axis (cycles/unit length), ∆𝑇(𝑦) is the gravity field along the y-axis, and 𝑦 is the linear distance 
along the profile. 
Equation 1 assumes that the function is periodic outside the given range of y. If Ly is 
considered as the length of the profile of the function in the interval –Ly/2 with the defined 
endpoints and if the gravity field is multiplied by a weighting function (e.g., “Cosine bell” function) 
to eliminate the endpoint discontinuities, the new expression for the Fourier transform becomes: 






𝑑𝑦                                                                                   (2) 
where Ly is the length of the profile in the interval –Ly/2, and G(y) = ½ (1 + cos (2𝜋y/Ly)).        
Defining the wavenumber V as V = 2𝜋fy and integrating it using Euler’s theorem, 
















                               (3) 
By using the Filon’s solutions for the integration of the trigonometric function (3), the natural 
Napierian logarithmic values of the energy density function E(fy) can be obtained by multiplying 
∆?̅?(𝑓𝑦) by its complex conjugate, ∆?̅? ∗ (𝑓𝑦): 
𝐸(𝑓𝑦) =  ∆?̅?(fy) ∙ ∆?̅? ∗ (fy)                        (4) 
The general expression of this energy density function (4) in terms of radial 
wavenumbers and the azimuth of the radial wavenumber is given by: 
E(r, 𝜃) = Gdensity∙H(h,r)∙S(ai,r, 𝜃)∙C(bi,r)              (5) 
where H is the depth factor, S is the horizontal size (width) factor, C is the vertical size (thickness 
of the depth extent) factor, r is the radial wavenumber, 𝜃 is the azimuth of radial wavenumber, h 
is the depth to the top of the ideal model source, ai are the parameters related to the horizontal 
dimensions of the source, and bi are the parameters related to the vertical depth extent of the 
source.  
From Equation 5, only the factors H, S, and C affect the geometry of the radial spectrum. 
In addition, with increasing the wavenumbers, the decay of the spectral energy is invariably 
dominated by the depth factor (Sadek et al., 1984). These factors simplify the above expression 
for the depth factor for all simple source geometries to be: 
H(h, r) = 𝑒−2ℎ𝑟                        (6) 




The representation of Equation 6 as a linear equation can be expressed as: 
Ln H (h, r) = -2hr                                                                                                                            (7) 
Where h is the slope that is used to estimate the depth to a given density interface. 
3.4 Spectral Analysis with Piecewise Regression Approach (SAPRA) For Determining the 
Depth to the Moho And Precambrian Crystalline Basement 
Piecewise regression is useful for the identification of the breaks in slope of the linear 
segments of the spectrum curves because it has the ability to optimize the data point at which the 
slope breaks (McZgee et al., 1970). Piecewise regression, which is also known as segmented 
regression or broken-stick regression, is a typical regression analysis that is used to partition 
independent variable into intervals and each of these intervals are represented by separate best fit 
regression line (McZgee et al., 1970; Tome and Mirande, 2004). This makes piecewise regression 
an ideal technique to identify the optimized breaks in slope of the linear segments of the spectrum 
curves as functions of a natural logarithm. 
The WGM 2012, which has a spatial resolution of 9 km (Balmino et al., 2012), are used 
to demonstrate the effectiveness of the SAPRA in the identification of unique data points that 
define breaks in slope of linear segments of the spectrum curves. Hence, these results give more 
accurate estimations of the depth to the Moho and the Precambrian crystalline basement. The 
Bouguer gravity anomalies of the WGM 2012 (Figure 4) were obtained for the Lake Turkana rift 
basin from the International Center for Global Earth Model (ICGEM). The spectrum curve 
derived for one of the fifteen 1°X1° (~110 km X ~110 km) subset of this dataset that is centered 
around longitude 36°E and latitude 3°30′S (Figure 5) will be used to demonstrate the detailed 
steps that are needed to be followed to perform the SAPRA for the calculation of the depth to the 




WGM 2012 will be analyzed using the SAPRA to generate the depth to the Moho and the 
Precambrian crystalline basement maps for the Lake Turkana rift basin. 
The SAPRA requires determining the value “x” at which the slope of the linear segments 
of the spectrum curve changes. If there is only one data point defining the break in slope of the 
linear segments of the spectrum curve, say at x = c, then the model equation can be represented 
by: 
y = a1 + b1x     for x<= c       (8) 
y = a2 + b2x             for x>c        (9) 
Given that both equations are continuous at “c”, then they can be rewritten as: 
a1 + b1c = a2 + b2c         (10) 
From Equation 10, parameter a2 can be expressed as: 
a2 = a1 + c*(b1 – b2)         (11) 
By combining Equations 8, 9 and 10, the results of the SAPRA model become: 
y = a1 + b1x  for x<= c       (12) 




Equation 13 represents a slope break point between two slopes. However, SAPRA needs 
at least three slope break points to isolate at least four segmented slopes that represent deeper and 
shallower density ensembles. Therefore, SEGMENTED, an R software package, is implemented 
to best identify the break points in one run (Muggeo, 2015.); SEGMENTED significantly 
improves the step-wise manual implementation of multiple piecewise regression slopes by 
solving all the slope equations simultaneously.  
 
Figure 3.4: Bouguer gravity anomaly map of the World Gravity Model 2012 (WGM 2012) of the Lake Turkana rift basin. The white 
box represents the 1ox1o sub-window used to compute the two-dimensional (2D) radially-averaged power spectrum curve shown in 
Figure 5. 
This feature of the SEGMENTED makes the package powerful to segment the spectrum 




The use of Fourier integrals to analyze gravity data has been possible due to the low-pass 
filter characteristic of Earth with respect to density anomalies (Figure 5; Odegard and Berg, 
1975). However, Figure 5 shows that the logarithmic energy spectrum defined by Ln[P] does not 
decay out smoothly as it has some undulatory nature. In general, in the frequency domain, the 
energy spectrum exhibits high frequency components when the anomaly is continued to the 
proximity of the source. Therefore, the near-surface source gives shallower power spectrum while 
the deep-surface source gives steeper power spectrum (Pal, 1978).  
 
Figure 3.5: A typical two-dimensional (2D) radially-averaged power spectrum curve. The spectrum curve is computed from the 1ox1o 
sub-widow of the Bouguer gravity anomalies of the World Gravity Model 2012 (WGM 2012) covering portion of the Lake Turkana 
rift basin and centered around 36°E and 3°30′S. See Figure 4 for the location of the sub-window. 
This general principle, however, is not always encountered in real gravity data, and there are 
multiple occasions in which anomalously steeper and/or positive slopes could be observed, which 




consistency in the implementation of SAPRA, 2nd degree polynomial fit is applied to the energy 
spectrum curve such that the logarithmic energy spectrum, plotted against wavenumber, decays 
out smoothly. This change to the logarithmic energy spectrum (Figures 5A and B), no doubt, 
modifies the original anomalies. With this trade-off, however, SAPRA becomes more consistent, 
and the pattern of the energy spectrum curves becomes predictable.  
 
Figure 3.6: The smoothed two-dimensional (2D) radially-averaged power spectrum curve shown in Figure 5. The curve is 
smoothed by 2nd degree polynomial regression. Figure 6A is a subset of Figure 1 and shows the 2nd degree polynomial 
regression fit that is calculated from the data points in Figure 5. Figure 6B shows the extracted values from the 2nd degree 
polynomial regression fit of the power spectrum calculated from the 2nd degree polynomial regression fit equation.  
This allows a successful implantation of SAPRA to the smoothed power spectrum to estimate the 
depth to the Moho and the Precambrian crystalline basement (Figure 7). This implementation 
generally considers three break points in the slope of the spectrum curve that separate four 
segments corresponding with four frequency components. Fletcher et al. (2018) showed that the 
steepest segment of the spectrum curve that corresponds to the lowest wavenumber values can be 
taken to represent the LAB. On the other hand, Spector and Grant (1970) considered the 
shallowest segment of the curve with high frequency components to be depth to the near-surface 




constitutes a frequency component coming from the top of the sub-crustal mantle or the Moho 
(Pal, 1978; Tselentis et al., 1988; Emishaw et al., 2017).  
Figure 3.7: Identification of linear segments in the two-dimensional radially-averaged power spectrum curve shown in Figure 6 using 
the Spectral Analysis with Piecewise Regression Approach (SAPRA). The analysis results in the identification of four linear segment. 
The segment corresponding to the lowest wavenumber values represents density contrast across the lithosphere – asthenosphere 
boundary. The segment corresponding to the second lowest wavenumber values represents density contrast across the mid-lithospheric 
discontinuity (MLD). The segment corresponding to the second highest wavenumber value represents density contrast across the 
Moho. The segment corresponding to the highest wavenumber values represents density contrast between the Precambrian crystalline 
basement and the overlying Neogene – Quaternary sediment that fill the Lake Turkana rift basin and Quaternary volcanic rocks that 
surrounds the rift basin.  
However, the segment of the spectral curve between the steepest and the shallowest 
might not be entirely sourced from the density contrast across the Moho. It is possible that this 
middle segment of the spectrum curve is due to combined density contrast across the Moho as 









depth to the Moho using the three segments that have been traditionally identified in the spectrum 
curve, will give an unrealistic depth to the Moho, which is usually deeper compared to those 
obtained by other geophysical method such as controlled source and passive seismic studies. 
Thus, another advantage of SAPRA over the traditional spectral analysis method is its ability to 
deconvolute the central part of the spectrum curve into two segments (Figure 7). This will allow 
separating the segment of the curve that is related to the MLD from that is related to the Moho, 
hence allowing more reliable estimate of the Moho. In so doing, the power spectrum curve tends 
to have four, instead of three slopes (Figure 7). 
3.5 Depth to the Moho and Precambrian Crystalline Basement beneath the Lake Turkana 
Rift Basin 
To calculate the depth to the Moho and the Precambrian crystalline basement, the 
SAPRA was applied to fifteen 1ox1o sub-windows of the Bouguer gravity anomalies of WGM-
2012, covering the Lake Turkana rift basin (Figure 2). These 1ox1o sub-windows were 
overlapping by 50% in the north-south and east-west directions. 
The SAPRA of the Bouguer gravity anomalies of the WGM 2020 shows that the Moho 
depth beneath the Lake Turkana rift basin ranges between 20 and 32 km. The shallowest Moho 
depth of 20 km is found immediately on the central part of the rift basin (Figure 8A). This 
shallow Moho becomes progressively thicker towards the north, reaching 32 km in the northern 
edge of the Lake Turkana rift basin (Figure 8A).  
The SAPRA basement map (Figure 8B) shows that the depth to Precambrian crystalline 
basement progressively increases in the north direction. Based on the SAPRA result, the depth to 
the Precambrian crystalline basement beneath the Lake Turkana rift basin and the surrounding 
Quaternary volcanic rocks range between 0.2 km to 1.7 km. The depth to the Precambrian 




obtained for the sediment filling the Lake Turkana rift basin (Dunkelman et al., 1989). However, 
(Dunkelman et al., 1989) reported that the sediment thickness deepens northward to reach ~ 4 km 
in the northern part of the Lake Turkana rift basin. This estimate is greater than the sediment 
thickness estimate of 1.7 km obtained by the SAPRA. The inconsistency might have originated 
from the presence of greater density contrast within the stratigraphic column itself, which is 
reported to have clastic sediments sourced from mafic volcanic rocks (Cohen, 1989) that display 
lower density contrast when compared with the Precambrian crystalline basement, which is 

















Figure 3.8: Depth to the Moho (A) and the Precambrian crystalline basement (B) beneath the Lake Turkana rift basin obtained from 
the Spectral Analysis with Piecewise Regression Approach (SAPRA) of the Bouguer gravity anomalies of the World Gravity Model 
2012 (WGM 2012). 
3.6 Discussion 
Figure 9 shows comparison between the depth to the Moho beneath the Lake Turkana rift 
basin obtained by applying the SAPRA to the Bouguer gravity anomalies of the WGM 2012, the 
depth to the Moho obtained from controlled source seismic imaging (Keller et al., 1994), and 
Moho depth results obtained from 2D forward modeling of the same gravity data (Emishaw and 




WGM 2012 to construct 2D forward models showing the depth to the Moho beneath the rift basin 
extending along longitude 36°E from 2°S to 5° N. Keller et al. (1994) controlled-source seismic 
imaging section stretched in a north-south direction close to longitude 36°E from around 1°S to 
3°N with the northern part of this profile extending within the southern half of the Lake Turkana 
rift basin. The seismic section shows that the Moho depth beneath the southern part of the Lake 
Turkana rift basin to be ~ 20 km. Additionally, the 2D forward modeling of Bouguer gravity 
anomalies of the WGM 2012 of Emishaw and Abdelsalam (2019) shows that the depth to the 
Moho beneath the entire Lake Turkana basin to be relatively flat and slightly fluctuating around ~ 
23 km (Figure 9).  However, the SAPRA results show the Moho depth beneath the rift basin to 
have more topography in which the Moho beneath the central part of the rift basin have an 
elevated Moho of ~ 20 km and that this elevated Moho is flanked in the north by relatively deeper 
Moho reaching ~ 32 km. The slanting down of the Moho topography beneath the northern limit 
of the Lake Turkana rift basin is also observed in the Moho map obtained from the 2D gravity 











Figure 3.9: Comparison of results of the depth to the Moho obtained from the Spectral Analysis with Piecewise Regression Approach 
(SAPRA) of the Bouguer gravity anomalies of the World Gravity Model 2012 (WGM 2012), and results obtained from two-
dimensional (2D) forward modelling of the same gravity data (Emishaw and Abdelsalam, 2019). The Moho depths results from the 
SAPRA are also compared with those obtained from control-source seismic imaging (Keller et al., 1994). The profile extends along 
longitude 36°E and between latitudes 2°30’N and 4°30’N. See Figure 8A and B for location of the profile. The green profile 
represents results obtained from 2D forward gravity model; the orange profile represents results obtained from the controlled source 





The SAPRA was introduced in this work as a new quantitative approach for the spectral 
analysis of the gravity data to obtain estimates on the depth to the Moho and shallower layering in 
the crust. The Bouguer gravity anomalies of the WGM 2012 was used in the study and the Lake 
Turkana rift basin was used as a test site. The SAPRA was implanted to identify unique data 
points defining the breaks in the slope of the linear segments of the spectrum curves extracted 
from the Bouguer gravity anomalies of the WGM 2012. Additionally, the SAPRA was used to 
deconvolute the central segment of the spectral curves, which was traditionally considered as a 
single segment representing the density contrast across the Moho. The analysis allowed the 
identification of linear segments in the spectrum curves that are associated with density contrast 
across the Moho and between the Precambrian crystalline basement and the overlying Neogene – 
Quaternary rift-fill sediment and Quaternary volcanic rocks.. The SAPRA is an improvement 
over previous approaches in identifying the data points representing breaks in slope of linear 
segments of the spectrum curves. The SAPRA was applied to calculate the depth to the Moho and 
the Precambrian crystalline basement beneath the Lake Turkana rift basin using the WGM 2012 
Bouguer gravity anomalies. Discrepancies are found between the Moho depth estimates from the 
SAPRA and Moho depth results obtained from previous 2D forward modeling of the same 
gravity data as well as results from controlled-source seismic imaging. The previous studies 
imaged the Moho beneath the Lake Turkana rift basin and relatively flat, whereas the SAPRA 
imaging showed more topography in the Moho beneath the rift basin. This can be attributed to 
better imaging of the details of the topography of the Moho using the SAPRA because of accurate 
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LITHOSPHERIC STRUCTURE OF THE CONGO-TANZANIA-
BANGWEULU CRATON, THE ZIMBABWE-KAAPVAAL-NIASSA 
CRATON, AND THE TRANS-SOUTHERN AFRICAN OROGEN 
Abstract III 
This study attempts to model the lithospheric structure beneath the Congo – Tanzania – 
Bangweulu craton, the Zimbabwe – Kappvaal – Niassa craton, and the Trans-Southern African 
orogen by using two-dimensional (2D) radially averaged spectral analysis, 2D-gravity forward 
modeling, and three-dimensional (3D) density inversion. The findings show that the thickness of 
the lithosphere beneath the cratonic blocks reaches up to ~256 km. Differently, the thickness of 
the lithosphere beneath the Trans-Southern African orogen reaches up to ~200 km. The 
lithosphere-asthenosphere boundary map and the 2D forward models show that the spatial extent 
of the Congo craton is much wider than what is exposed on the surface and is covered in the 
southeast by the Luffilian arc. The geographic extent of the Bangweulu craton is also wider than 
what was previously identified as its cratonic boundary and extends beneath the southwestern 
limit which is now covered by the remnants of the Neoproterozoic metasedimentary rocks of the 
Luffilian arc. The LAB map further suggest that the geographic extent of the Niassa craton maybe 
needs to be redefined to include the entire geographic extent of the Southern Irumide, which is 
different from the Irumide Metacraton that rests on relatively thinner lithosphere (~ 200 km).  The 
LAB map is also consistent with the general trend of the Trans-Southern Orogen. For example, 
both the Mesoproterozoic – Neoproterozoic Ghanzi – Chobe orogenic belt and the 
Neoproterozoic Damara orogenic belt rest on thin lithosphere, about ~ 146 km. Thus, the 
lithospheric-scale geometry preserved within the Congo – Tanzania – Bangweulu craton, the 
Zimbabwe – Kappvaal – Niassa craton, and the Trans-Southern African orogeny show that the 




while the development of individual basins is potentially controlled by the preexisting localized 
zones of deformation. 
4.1 Introduction 
The African continent occupies the central part of Greater Gondwana (Fig. 1; Kusky et 
al., 2003; Stern, 1994). This supercontinent was assembled from a number of cratonic blocks at 
~600 Ma that were fragmented following the break-up of Rodinia at ~830 Ma (Stern, 1994; 
Pisarevsky et al., 2003; Cordani et al., 2003). This tectonic evolution made Africa to emerge as a 
continent that consists of Archean-Paleoproterozoic cratons, which are amalgamated by 
Paleoproterozoic - Neoproterozoic orogenic belts (Abdelsalam et al., 2002; Fig. 1).  The spatial 
extents of these Archean-Paleoproterozoic cratons and Paleoproterozoic - Neoproterozoic 
orogenic belts have been determined by combined geologic information obtained from surface 
mapping, geochemical and geochronological studies, and seismic tomography of various 
resolution (Poujol et al., 2003; Eglington and Armstrong, 2004; Hanson et al., 2011; Abdelsalam 
et al., 2011; Sarafian et al., 2018). These studies resulted in establishing major cratons in Africa 
including the West African craton, the Congo craton, and the Kalahari craton (Fig. 1; Unrug, 
1983; Miller1993; Abdelsalam et al., 2011;). The northern part of the continent is occupied by the 
Saharan Metacraton (Fig. 1), which is thought of as an Archean – Paleoproterozoic craton that 





The West African craton and the Saharan Metacraton are separated by the Neoproterozoic Trans-
Sahara orogen (Abdelsalam et al., 2002); the Saharan Metacraton is separated from the Congo 
craton by the Oubanguides orogen (Black and Liegeois, 1983; Abdelsalam et al., 2002; Abdelsalam 
et al., 2011); whereas the Congo craton is separated from the Kalahari craton by the 
Paleoproterozoic – Neoproterozoic Trans-Southern Africa orogenic belt (Evans et al., 2019). The 
Saharan Metacraton, Congo craton and Kalahari craton are limited in the east by the East African 
orogen (Figure 1). 
 
Figure 4.1: (Left) Tectonic map of Africa constituting four major cratons (the West Africa craton, the Saharan meta-craton, the Congo 
craton, and the Kalahari craton) that have given Africa its present shape along with major orogens along which the cratons are 
assembled (the Trans-Southern orogen, the Trans-Southern Africa orogeny, the Oubanguides orogen, and the East African orogeny). 
(Right) Grand 2002 shear tomography model with faster velocity beneath the stable and meta-cratonized cratons. 
 The spatial distribution of Paleoproterozoic – Neoproterozoic cratons and 
Paleoproterozoic – Neoproterozoic orogenic belts has largely controlled the evolution of 
continental rifts in the African continent, especially the Paleozoic – Mesozoic Karoo rift system 




example, the EARS, which constitutes the Afar Depression and the Main Ethiopian Rift in the 
north and the Eastern and Western Branch further south, largely extends within the East African 
orogen (Emishaw et al., 2017; Demissie et al., 2018; Emishaw and Abdelsalam, 2019). The 
Southwestern Branch of the EARS, which was initiated in the Palozoic – Mesozoic Karoo rift 
system that was reactivated in the Cenozoic during the onset of the EARS, largely extend within 
the Trans-Southern Africa orogenic belt (Fairhead and Girdler, 1969; Reeves, 1972; Scholz et al., 
1976; Modisi et al., 2000)        
 In this work, I examine the spatial correlation between the Archean – Paleoproterozoic 
cratons (Congo craton and Kalahari craton), Paleoproterozoic – Neoproterozoic Trans-Southern 
Africa orogenic belt, and the Paleozoic – Mesozoic to Cenozoic Southwestern Branch of the 
EARS. Here, I consider the Congo craton as constituting the Congo-Tanzania –Bangweulu 
craton, and the Kalahari craton as constituting the Zimbabwe-Kaapvaal-Niassa craton (Fig. 3).  
 




I consider the Trans-Southern Africa orogenic belt as constituting the Paleoproterozoic 
Magondi and Limpopo orogenic belt, the Paleoproterozoic – Mesoproterozoic Kibaran orogeic 
belt, the Mesoproterozoic – Neoproterozoic Irumide, Southern Irumide, and Ghanzi – Chobe 
orogenic belt, and Neoproterozoic Lufillian arc, and Zambezi and Damara orogenic belts (Fig. 2). 
I used two-dimensional (2-D) radially-averaged power spectral analysis, 3D Moho inversion, and 
2D forward gravity modelling of the World Gravity Model 2012 (WGM 2012). The findings of 
these methods will enablable us to: 1) determine the spatial extent of cratons, including the ones 
covered by Phanerozoic sedimentary rocks; 2) estimate thickness variation of the Sub-continental 
lithospheric mantle of each tectonic entity; 3) determine the spatial and tectonic relationship 
between the Southwestern Branch of the of the East African Rift System and the Trans-Southern 
Africa orogen; and 4) image discrete suture zones. These findings would allow to isolate factors 
that determine the preferential nucleation of continental rifts. They will also give insight on the 
role of preexisting structure in determining the geometry of the individual basins of the SWB of 
the EARS.  
4.2 Precambrian Geology 
4.2.1 The Congo-Tanzania-Bangweulu craton 
           Within the study area, the eastern part of the Congo craton, the southwestern part of the 
Tanzania craton and the entire Bangweulu cratonic block are exposed. The Congo craton is 
separated from the Bangweulu cratonic block by the Paleoproterozoic-Mesoproterozoic Kibaran 
orogenic belt. The southern limit of the Bangweulu block is covered by post-tectonic granite. The 
Tanzania craton is separated from the Bangweulu cratonic block by the Paleoproterozoic 
Ubendian orogenic belt (Fletcher et al., 2018). The formation of the composite Congo-Tanzania-
Bangweulu craton resulted from two orogenic events. The first event is Paleoproterozoic in age 




cratonic block to the southwest. This collision resulted in the formation of the Paleoproterozoic 
NW-trending Ubendian orogenic belt (Lenoir et al., 1994; Fig. 3). The second event is 
Paleoproterozoic – Mesoproterozoic in age and is marked by the Congo craton in the northwest 
with the Tanzania craton – Bangweulu cratonic block to the southeast. This event resulted in the 
formation of the Paleoproterozoic – Mesoproterozoic Kibaran orogenic belt (Begg et al., 2009; 
Fig. 3).    
Few studies have focused on imaging the lithospheric structure of the Congo – Tanzania 
– Bangweulu craton. For example, using seismic tomography, Priestley and McKenzie (2006) 
estimated that the Congo craton is underlain by ~250 km thick lithosphere. The lithospheric depth 
estimate of the Congo craton beneath the Congo basin that overlies Neoproterozoic - Mesozoic 
clastic sedimentary rocks was estimated to be ~ 250 km based on the inversion of surface 
waveforms, subsidence history and gravity data (Crosby et al., 2010). A recent study by Yu et al. 
(2017) shows a high P-wave velocity beneath a portion of the Congo craton, located to the 
northwest of the Okavango Rift Zone (Fig. 2), which extends to the depth of 250- 350 km. The 
lithospheric thickness of the archean Tanzanian craton is estimated to be 250 km (Ritsema et al., 
1998, Weeratne et al., 2003; Fig. 3). This estimate considers that the craton is intact and has its 
thickest cratonic root beneath its center. However, recent geochronological, isotopic, and 
geophysical studies suggest that the lithosphere of the Tanzania craton might have been modified 
during subsequent geologic events or the craton itself might have been made up of smaller 
cratonic blocks stitched together along ancient Precambrian Suture Zones. Thomas et al. (2016), 
for instance, suggested the possibility that the southwestern margins of the Tanzania craton might 
have been metacratonized during the Paleoproterozoic orogenic event now preserved as the 
Ubendian orogenic belt to the southwest of the craton. After mapping the lithosphere-




of the segments of the North Tanzania Divergence of the EARS within the eastern side of the 
Tanzania craton might have developed through the strain localization within these suture zones. 
Similarly, Corti et al. 2007; Katumwehe et al., 2015, using analogue models and aeromagnetic 
data integrated with shuttle radar topographic mission data concluded that the upper crustal 
lithospheric pre-existing fabric to a large extent have played a role in strain localization during 
rift evolution and propagation. 
           Using a regional magnetotelluric (MT) transect, Sarafian et al. (2018) showed that the 
Neoarchean Bangweulu cratonic block which lies to the SW part of the Tanzanian craton is 
underlain by a thick  sub continental lithospheric mantle (SCLM) that reaches up 250 km in the 




Figure 4.3: Precambrian tectonic map of the SWB of the EARS. Modified after Key and Ayres (2000) and Westerhof et al. (2008) 
 
4.2.2 The Zimbabwe-Kaapvval-Niassa craton 
            The Zimbabwe craton is separated from the Kaapvaal craton by the east-northeast 
trending 250 km wide zone of granulite facies called the Limpopo belt (Fig. 3). The exposed parts 
of the Kaapvaal craton and the Zimbabwe craton are mainly granitic gneisses. Patches of 
greenstone belts of varying shape and size are also exposed within the near proximity of both the 
Zimbabwe and Kaapvaal cratons (Begg et al., 2009; Van Reenen, 2011). The lithospheric 
thickness of these cratons is in the range of (180 – 250) km (Muller et al., 2009; Miensopust et 
al., 2011; Khoza et al., 2013).  
          The Precambrian terranes southeast of the Bangweulu cratonic block have been 
traditionally referred to as the Irumide and Southern Irumide orogenic belts (Johnson et al., 
2006). Recent MT study by Sarafian et al. (2018) has been able to recall the Niassa craton, the 
term that was initially used by Andreoli (1984), as their MT study was able to resolve relatively 
thinner lithosphere (~ 100 km thick) beneath the Irumide orogenic belt, and thicker lithosphere (~ 
250 km) beneath Niassa craton within the Southern Irumide. 
4.2.3 The Trans-Southern Africa Orogen 
 The Trans-Southern Africa Orogen constitutes, from older to younger, the 
Paleoproterozoic Magondi orogenic belt, the Paleoproterozoic – Mesoproterozoic Kibaran 
orogenic belt, the Mesoproterozoic – Neoproterozoic Irumide metacraton, and Southern Irumide 
and Ghanzi – Chobe orogenic belts, and the Neoproterozoic Zambezi and Damara orogenic belts 





4.2.4 The Magondi orogenic belt 
 The Magondi orogenic belt has resulted from the Mangodian orogeny that 
metamorphosed and deformed sediments and volcanics of early-mid Proterozoic Magondi Super-
group (Treloar, 1988). The Magondi  orogenic belt was formed in the Northwestern margin of the 
Archean Zimbabwe – Kaapvaal craton and borders Mesoproterozoic – Neoproterozoic Southern 
Irumide belt in the northwest (Fig.3; Hanson et al., 1988). Previous studies (Treloar, 1988) have 
suggested that the Magondi super group is largely composed of the volcanic and metsedimentary 
that have gone through stages of metamorphism. To the south, these super group rocks are thin 
and thrust over the SE to the Zimbabwean Archean craton while to the north they thin with 
increasing metamorphic grade. The Magondi orogenic belt is covered by the Paleozoic – 
Mesozoic Karoo sedimentary rocks of the Kalahari basin, but isolated exposures are found in the 
northwestern part of Zimbabwe (Fig. 3; Majaule et al., 2001). Majaule et al. (2001) obtained a U-
Pb zircon age of ~2039 Ma from an isolated granitic outcrop within the Magondi orogenic belt 
and interpreted this as the crystallization age. In addition, Majaule et al. (2001) obtained an age of 
~2673 Ma from zircon xenocrysts and interpreted this to indicate the presence of an Archean 
crustal component. 
4.2.5 The Kibaran orogenic belt 
 The NE-trending Mesoproterozoic Kibaran orogenic belt is exposed on the western 
margin of the Congo craton (Fig. 3). It is dominated by granitic gneisses and granitic intrusions 
that were emplaced and deformed during the Paleoproterozoic – Mesoproterozoic (e.g. Thomas et 
al., 1994; Tack et al., 1994). These rocks were reworked during the Neoproterozoic (e.g. Thomas 
et al., 1994), possibly due to final collision between the Congo craton and the Tanzania – 
Bangweulu craton (e.g. Begg et al., 2009) which resulted into the regional horizontal foliation and 




            Just like the Mesproterozoic Kibaran fold belt, the Irumide metacraton and Southern 
Irumide orogenic belt lies south of the Bangweulu cratonic block (Fig. 3) and are believed to have 
similar tectonic origin due to uncertainties in discriminating their boundaries and degree of 
metamorphism (De Waele et al., 2006A). However, based on the U-pb Zircon studies, the 
Kibaran and the Irumide belts have different ages and their spatial tectonic origin have no 
correlation (De Waele et al., 2006A). These Precambrian tectonic blocks have been described as a 
crustal-scale thick-skinned fold and thrust belt that constitutes Paleoproterozoic gneissic 
basement, Paleoproterozoic metasedimentary rocks, and Mesoproterozoic – Neoproterozoic 
granitoids (Johnson et al., 2005, 2006; De Waele et al., 2006A). As mentioned earlier, Sarafian et 
al. (2018) used MT survey to show that the lithosphere beneath the core of the Southern Irumide 
orogenic belt has a thickness that is comparable to other cratons in Africa, hence reintroduced the 
term “Niassa craton” for this Precambrian tectonic block. Also, as mentioned earlier, Sarafian et 
al. (2018) reintroduced the term “Irumide metacraton” to identify the Irumide orogenic belt as the 
metacatonized southern margin of the Bangweulu cratonic block because of the presence of a 
relatively thinner lithosphere beneath this Precambrian tectonic block and also the presence of 
Archean – Paleoproterozoic basement rocks. The metacratonization occurred during collision of 
the Bangweulu cratonic block with the Zimbabwe – Kaapvaal craton during the Mesoproterozoic 
– Neoproterozoic (DeWaele et al., 2006B). The MT study of Sarafian et al. (2018) indicated that 
the Mwembeshi Shear Zone is the suture zone between the Niassa craton and the Irumide 
metacraton.          
4.2.6 The Ghanzi – Chobe – Damara orogenic belt 
 The Northeastern trending Mesoproterozoic - Neoproterozoic Ghanzi – Chobe orogenic 
belt is made-up of metamorphosed rhyolites and volcaniclastic metasedimentary rocks, as well as 




Neoproterozoic Damara orogenic belt is made-up of migmatites, granitic gneisses and granites 
(Key and Ayres, 2000). The Chanzi – Chobe and the Damara orogenic belts and the 
Paleoproterozoic Magondi orogenic belt are located in between the Congo craton in the northwest 
and the Zimbabwe – Kaapvaal craton to the southeast (Fig. 3). Little is known about the tectonic 
evolution of the Ghanzi – Chobe and the Damara orogenic belts in Botswana because these are 
buried beneath the Paleozoic – Mesozoic Karoo sedimentary rocks of the Kalahari basin and most 
of the geological information about these Precambrian tectonic blocks came from geophysical 
surveys and borehole data (Key and Ayres, 2000). However, the Damara orogenic belt in the 
neighboring Namibia is considered to have been formed through a series of Neoproterozoic 
suturing events between the Congo craton and the Zimbabwe – Kaapvaal craton (e.g. Gray et al., 
2008). 
4.2.7 Zambezi orogenic belt 
 The Neoproterozoic Zambezi orogenic belt is exposed in the northern and eastern 
margins of the Zimbabwe – Kaapvaal craton (Fig. 3; Hanson et al., 1994; Hargrove et al., 2003). 
It records Neoproterozoic “interaction” between the Congo craton in the north and the Zimbabwe 
– Kaapvaal craton to the south (Fig. 3; Hanson et al., 1994; Hargrove et al., 2003). The belt is 
dominated by granitic gneisses where thin-skinned tectonics resulted in southward emplacement 
of these rock onto the northern edge of the Zimbabwe – Kaapvaal craton (e.g. Goscombe et al., 
2000).    
4.2.8 The Lufilian arc 
 The Lufilian arc (Fig. 3), which is dominated by Neoproterozoic clastic and carbonate 
sedimentary rocks, is thought to represent an orogenic belt that was formed as a result of collision 
between the Congo-Tanzania-Bangweulu craton and the Zimbabwe – Kaapvaal craton at ~550 




around the margin of the Congo craton during the fragmentation of Rodinia. The structural style 
within the arc varies considerably with a top-to-the-northeast fold and thrust belt dominating its 
southwestern part and a foreland sedimentary basin lying flat above the southwestern margin of 
the Bangweulu cratonic block in the northeast (Fig. 3; Zientek et al., 2014). 
4.3 Southwestern Branch of the East African Rift System 
The amagmatic SWB of the EARS is a NE-SW trending, ~1000 km wide corridor of rift 
basins extending for ~1700 km from the west sides of the Tanganyika and the Malawi rifts (Fig. 
2; e.g., Fairhead and Girdler, 1969; Reeves, 1972; Scholz et al., 1976; Modisi et al., 2000; 
Sebagenzi and Kaputo, 2002). The rift basins extending from the southwestern side of the 
Tanganyika rift include Upemba, Kundelungu, Mweru – Wantipa, Mweu, and possibly Barotse 
(Fig. 2). These are concentrated in the southeastern border of Congo with Zambia and the 
southeastern border of Angola with Zambia (Fig. 1B). The evolution of the SWB of the EARS is 
controlled by pre-existing lithospheric fabric. For example, the Upemba extends within the 
Kibaran orogenic belt, the Kundelungu and Mweru extends within the Lufllian arc, but the 
Mweru – Wantipa extends on the northeastern margin of the Bangweulu cratonic block (Figures 
1B and 2). The rift basins that extend from western side of the Malawi rift stretches along the 
southern border of Zambia with Malawi, Mozambique, and Zimbabwe and include Luangwa, 
Lukusashi-Luano, Kafue, and mid-Zambezi (Figure 1B). These basins are along-strike with the 
Okavango Rift Zone, which is found in the northwestern part of Botswana and southwestern 
Zambia (Figure 1B). In addition, the Makgadikgadi is found to the southeast of the Okavango 
Rift Zone along the border between Botswana and Zimbabwe (Fig. 2). The Okavango Rift Zone 
is considered to be the youngest rift basin of the SWB and it is suggested that it can be as young 




is known about the structural and tectonic development of different rift basins of the SWB except 
for the Okavango Rift Zone, and to a lesser extent the Luangwa Rift Valley. 
            The Okavango Rift Zone is defined by poorly-developed NE-trending border faults 
(Kinabo et al., 2007; 2008; Mosley-Bufford et al., 2012) and it is characterized by the presence of 
high heat flow anomaly (Leseane et al., 2015). The Mesoproterozoic – Neoproterozoic Ghanzi-
Chobe and Damara orgenic belts are situated in between the Congo craton in the northwest and 
the Magondi orogenic belt to the southeast underlies the Okavango Rift Zone (Fig. 2; Leseane et 
al., 2015). The presence of these orogenic belts played a major role in strain localization during 
the onset of the Okavango Rift Zone (e.g. Leseane et al., 2015). Yu et al. (2015A) found that the 
Moho beneath the rift zone is elevated by 4 and 5 km ~36 km in depth. In addition, Yu et al. 
(2015B) found faster NE-SW shear wave splitting direction beneath the Okavango Rift Zone. 
However, no thermal anomalies in the transition zone is found beneath the rift (Yu et al., 2015C). 
Yu et al. (2017) found low P-wave velocity anomaly in the upper asthenosphere beneath the rift 
zone and interpreted this as due to the presence of decompression melt caused by asthenospheric 
ascendance due to lithospheric thinning. 
            The geological and geophysical observations summarized above can be taking as an 
indication that the Okavango Rift Zone is currently tectonically active and can be considered as 
part of the active extensional tectonic regime of the EARS. In addition, it has been observed that 
sites of hot springs in Zambia coincide with the border faults of the Luangwa rift (Sakungo, 
1985). This rift became well developed by the end of the Karoo rifting event, which marks the 
early stages of the fragmentation of Gondwana during the Permian – Triassic (Daly et al., 1989; 
Banks et al., 1995). The presence of potentially high heat flow anomalies associated with the 
Luangwa rift (as suggested by the presence of hot springs) can be considered to indicate that the 




regional MT profile, Sarafian et al. (2018) have shown that the Luangwa rift is underlain by a 
high conductivity anomaly extending to a depth of ~300 km. Sarafian et al. (2018) explained this 
as due to the presence of a Precambrian suture zone represented by the Mwembeshi Shear Zone 
that allowed for thermal softening of the lithosphere beneath the Luangwa rift facilitating strain 
localization. 
4.4 Data and Methods 
4.4.1 DATA 
The World Gravity Map (WGM) 2012 is a high-resolution gravity map and digital grid 
computed at global scale from Earth’s gravity and elevation models. The WGM2012 includes 
three anomaly maps: surface free-air, complete Bouguer, and isostatic anomalies. These 
anomalies are derived from the EGM2008 Geopotential model and Topography 1 arc min 
(ETOPO1) Global Relief Model. The EGM2008 is made up of  the global set of area-mean free-
air gravity anomalies defined on a 5 arc-minute equiangular grid and the least squares 
combination of the Spain's Instituto Tecnológico de Galicia Gravity Recovery and Climate 
Experiment (ITG-GRACE03S) gravitational field model. WGM2012 accounts for the 
heterogeneity of most surface masses such as atmosphere, land, oceans, inland seas, lakes, ice 











Figure 4.4: Bouguer gravity anomaly map from 
the World Gravity Model 2012 (WGM 2012) 
showing major passive seismic and Magneto 
Telluric (MT) experiments covering parts of the 
Southwestern Branch (SWB) of the East 
African Rift System (EARS). The passive 
seismic experiments include: Black circles = 
South Africa Seismic Experiment (SASE). 
White circles = Africa Array. Grey circles = 
Processes of Rift Initiation, Development and 
Evolution (PRIDE). MT experiments include: 
Black thick lines = Southern Africa MT 
Experiment (SAMTEX). Pink stars = PRIDE. 8 
2D forward gravity models are constructed 






4.4.2.1 Two-dimensional (2D) radially averaged power spectrum analysis  
 It has long been recognized that the Fourier spectral analysis can be applied to potential 
field anomalies to estimate the depth to the interior structure of the Earth such as the Moho 
interface, the basement, and the lithosphere-asthenosphere boundaries (Tselentis et al., 1989; 
Emishaw et al., 2017; Fletcher et al., 2018). Fourier integrals of geopotential fields are possible 




wave like characteristics even though they do not inherently exhibit them (Mark Erie Odegard, 
1975). The fundamental of this transformation is that any function in time or space domain can be 
represented by an equal number of sinusoidal function in the frequency domain. The power 
spectrum of a frequency domain is represented by the equation: 
Ph(r) = e-2hrP0(r) 
Where “Ph(r)” is the power spectrum of the top gravity surface “P0(r)” and “r” is the wave 
number. The presentation of this formula in the linear equation is expressed as: 
Ln Ph(r) = -2hr + c 
Where “h” is the slope of the spectral curve and “C” is a constant coefficient. The log plots of  
Figure 4.5: Example of two-dimensional radially-averaged spectrum. The lower wavenumber values that corresponds to higher 
logarithmic energy spectrum estimates depth to the lithosphere-asthenosphere boundary. As the wavenumber values progressively 
decreases in relation to the logarithmic power spectrum, shallower interfaces, such as depth to the Moho and depth to crystalline 






“Ln_P” versus the wavenumber results in the power spectrum graph from which the depth to the 
source can be estimated (Tselentis et al., 1988; Emishaw et al., 2017). The depth to the 
lithosphere-asthenosphere boundary is estimated from the upper slope, which has a distinctive 
slope that is different from the middle and shallow slopes of the spectral curve (Fig. 5). 
4.4.2.2 Two-dimensional (2D) forward gravity modelling 
To capture the 2D regional heterogeneity across Precambrian tectonic blocks and the 
overlying rift segments of the SWB of the EARS, I developed a number of 2D forward gravity 
models from the Bouguer gravity anomalies of the WGM 2012.  I developed these models to 
estimate the depth to the LAB. These models are developed using the 2D GYMSYS Oasis Montaj 
software. The software bases the algorithms published by Talwani et al. (1959) and Won and 
Bevis (1987). I mainly defined four layers to each model including the upper crust, with the 
density value of 2.6 g/cm3; the lower crust, with the density value of 2.8 g/cm3; the sub-
continental lithospheric mantle (SCLM), with the density value of 3.1 g/cm3; and the 
asthenosphere, with the density value of 3.3 g/cm3.  
4.4.2.3 Three-dimensional (3D) density inversion 
Gravity data can be modeled in two ways. The first one is forward gravity modeling. This 
allows creating a synthetic dataset from a geologic model that matches the observed dataset. This 
suffers from non-uniqueness as many models could produce the same exact synthetic dataset that 
matches the observed dataset. To overcome this limitation, sensitivity analysis and good 
understanding of the geologic setting are required. The second approach is gravity inversion. This 
method, unlike forward gravity modeling, produces the geologic model from the original data. 
The similarity between these two methods is that both would require an initial model from which 




The Parker and Oldenburg algorithm rests on the idea that Earth serves as a low pass 
filter for gravity data. In other words, high frequency gravity data are attenuated at depth. This 
makes gravity data, which mainly measure density variations, geopotential fields. This allows the 
application of Fourier transform to gravity data. The mathematical relationship of gravity data for 
inversion was first defined by Parker (1973). His mathematical relationship, however, only 
decomposes gravity fields and does not converge the inverted depth through iterations. To 
overcome this limitation, the equation was rearranged by Oldenburg (1974) as follows:  
For the inverted depth to converge, however, additional factors were necessary. 
Oldenburg (1974) expressed the equation with two important parameters WH, which is the lower 
bound of the wavenumber (k), and SH, which is the upper bound of the wavenumber (k).  
Gomez-Ortiz and Agarwal (2005) have implanted the Parker and Oldenburg algorithm to 
image the Moho interface. To estimate depths to the Moho, two constant values have been 
introduced: 1) the density contrast, and 2) average depth. If these two values are biased, the final 
Moho map comes out biased too. To obtain a less biased Moho model, constraints from previous 
seismic studies are usually applied. This, however, is not always the case; especially when 
investigating tectonic settings that are not well explored. To overcome this limitation, a new 
approach is designed to simulate and invert gravity data. For this study, 1012 simulated Moho 
models were used to compute the statistical average of the Moho depths through bootstrapping.  
This constitutes sampling from the corresponding cells of all models such that the weighted and 







4.5.1 The Bouguer gravity anomalies  
The Bouguer gravity anomalies map (figure 4) captures the density variations that 
emanates from the Congo-Tanzania-Bangweulu craton, the Zimbabwe-Kaapvaal-Niassa craton, 
and the Trans-Southern African orogen. The Congo craton has the high gravity anomalies values 
on the outer edges and low gravity anomalies values at its center. The presence of a mass deficit 
at the center of the Congo craton seem to suggest the presence of a pronounced cratonic root. The 
Zimbabwe craton also has a similar Bouguer gravity anomalies, but contains  higher Bouguer 
gravity anomalies in the east, which is most likely influenced by the  gravity signatures of the 
Indian Ocean continental shelf and the presence of volcanic rocks within Mozambique. The other 
distinct Bouguer gravity anomalies pattern in figure 4 is the N-E trending low gravity anomalies 
that extends from the Lufillian arc to the Ubendian orogenic belt. The pattern of these low gravity 
anomalies are likely registered by the presence of the SWB of the EARS and the Mesozoic old 
Karroo rift systems that are formed within the Trans-Southern African orogeny, including the 
foreland basin developed within the Luffillian. (Figures 2 and 4).  
4.5.2 LAB results  
The Lithosphere Asthenosphere Boundary (LAB) thickness map (Fig. 6 and Fig. 7) 
shows the presence of significant lithospheric thickness variation between the tectonic entities. In 
general, the broad overview of the LAB map shows thinner lithosphere beneath the Trans-
Southern Africa orogen and thicker lithosphere beneath the Zimbabwe-Kaapvaal craton and the 
Congo-Tanzania-Bangweulu craton (Fig. 6 and Fig. 7). From the whole Trans-Southern Africa 
orogen, The Paleoproterozoic Ubendian orogenic belt, the Paleoproterozoic Limpopo orogenic 
belt, the Neoproterozoic Damara orogenic belt, and the Neoproterozoic – Mesoproterozoic 




of ~146 km. The lithosphere of the Mwembeshi localized zone of deformation that separates the 
Irumide Metacraton from the Niassan craton is also relatively thinner with a mean depth to the 
LAB of 150 km (Fig. 7A).   
 
Figure 4.6: The SWB of the EARS extensional structures superimposed on the LAB map. Both the surface and lithospheric structure 





 From the cratons, the anomalously thick lithosphere is observed beneath the Congo 
craton with a mean depth to the lithosphere asthenosphere boundary of 250 km. The Bangweulu 
and the Niassan cratons also show anomalously thick lithosphere that reaches up to 250 km. The 
Zimbabwe craton is the most heterogeneous craton in the region with a mean lithospheric depth 
that ranges between ~ (160 – 210) km (Fig. 7A).  The northeastern portion of the Bangweulu 
block, which is on the margin of the Ubendian orogenic belt, also has a relatively thinner 
lithosphere (~ 150 km).  
 
Figure 4.7: Spatial maps showing the extent of (A) the Congo-Bangweulu-Tanzania craton and the Kaapvall-Zimbabwe-Niassa craton, 
and (B) the Paleoproterozoic-Mesoproterozoic and Mesoproterozoic-Neoproterozoic orogens superimposed on the LAB map. The 




The LAB map shows that SWB rifts such as the Okavango, the Kafue, the Lukusashi-
Luano, the Luangwa, the Bartose, the Kundelungu, the Mweru – Wantipa, and the  
Eastern Branch rifts such as the Rukwa, the Usangu, and the Tanganyika are localized within 
relatively thinner lithosphere of orogenic belts (Fig. 6 and Fig. 7). Also, the Tanganyika rift and 
the Mweru – Wantipa rift are developed within the thermally and mechanically weakened 
lithosphere of the northeastern block of the Bangweulu block.  
The thinner lithosphere beneath the Mwembeshi Shear Zone where the Luangwa depression is 
present also seem to suggest the influence of preexisting structures in strain localization (Fig. 6 













4.5.3 2-D forward gravity modeling results 
The depths estimates to the Lithosphere-Asthenosphere Boundary (LAB) were also 
obtained by 2D gravity forward models that are constrained by the spectral LAB map and seismic 








Figure 4.8: 2D forward gravity models constructed from the Bouguer anomaly of the WGM-2012. The profiles mapped changes in 
lithospheric structure across cratons and orogens. The models are constructed from Figure 4.4 along the back dashed lines. The unit of 





Profile 1 (Fig. 8 A) shows the lithospheric cross section across the Kibaran orogenic belt, 
the Bangweulu block, and the Irumide metacraton. In this cross section, the depths to the LAB 
beneath the north eastern portion of the Bangweulu block and the Irumide are anomalously 
shallow (~ 150 km), whereas the thickness of the lithosphere beneath the Kibaran orogenic belt 
reaches up to ~ 200 km. The anomalously thin lithosphere beneath the northeastern Bangweulu 
block is spatially associated with the intra-cratonic Mweru-Wantipa and the Mweru rift which is 
developed on the margin of the Bangweulu block. Profile 2 (Fig. 8B) shows lithospheric cross 
section across the northeastward extension of the Congo craton, the Kibaran orogenic belt, the 
Luffillian arc, the Bangweulu block, the Irumide metacraon, and the Niassa craton. The model 
shows that the mean lithospheric thickness of these tectonic entities is about 200 km. The only 
exception is the southern tip of the Bangweulu block whose lithospheric thickness reaches up to ~ 
225 km. Like profile 2, profile 3 (Fig. 8C) models the lithospheric cross section across the 
northeastern edge of the Congo craton, the Kibaran orogenic belt, the Lufillian arc, the Irumide 
metacraton, the Niassa craton, and a Neoproterozoic orogenic belt that was formed during the 
closure of the composite Zimbabwe-Kaapvaal-Niassa craton. In this cross section, anomalously 
thin lithosphere is observed beneath the Irumide Metacraton and the Neoproterozoic orogenic belt 
with mean lithospheric thickness of 180 km and 150 km, respectively.  
Profile 4 (Fig. 8D) transects along the Congo craton, the Lufillian arc, the South Irumide, 
and the Neoproterozoic orogenic belt. Along this profile, the lithosphere is thicker beneath the 
Congo craton (with the depth of about 250 km) and the Niassa craton (with the depth of about 
230 km), and it is anomalously thin on the southern margin of the Irumide Metacraton. This 
anomalously thin region is coincidental with the Mwembeshi Shear Zone. Profile 5 (Fig. 8E) and 
profile 6 (Fig. 8F) imaged lithospheric undulations beneath the Congo craton, Luffilian arc, and 




lithosphere beneath the southeastern portion of the Congo craton (the highest falling in the range 
of 230-260 km). Also, along these transects, relatively thinner lithosphere (~ 160 km) is observed 
beneath the Zimbabwe craton. The depth to asthenosphere beneath the Zimbabwe craton is found 
to be anomalous shallower than the adjacent neighboring cratons. And finally, the 2D forward 
gravity model constructed along profile 7 (Fig. 8G), imaged the extreme southeastern portion of 
the Congo craton, the Damara Neoproterozoic orogenic belt up on which the Okavango rift is 
developed, and the southwestward extension of the Irumide. The depth to the lithosphere along 
this transect shows anomalously thin lithosphere beneath the Damara Neoproterozoic orogenic 
belt (~ 146 km) up on which the Okavango rift rest. 
4.5.4 Density inversion results 
The Moho topography modeled by the improved 3DINVER.M shows thinner crust (~26 
km) beneath the Ubendian Paleoprotorozoic orogenic belt and thicker crust (~35) beneath the 
Zimbabwe-Kaapvaal-Niassa craton. The thickness of the crust beneath Congo – Tanzania – 
Bangweulu craton is ~ 30 km. (Figure 9). Overall, the central and southern limit of the study area 
rests on thicker crust, including the Mesoproterozoic-Neoproterozoic Ghanzi-Chobe and Damara 
orogens. In the central and northeastern portion of the study area, the topography high of the 
Moho seem to strike in the NW-SE direction wrapping around the Bangweulu craton outlining, in 
part, its boundary. Unlike the Bangweulu craton, the NW-SE trending high of the Moho surface 
does not seem to delineate the spatial extent of the Zimbabwe-Kaapvaal-Niassa craton. However, 




Figure 4.9: Moho map showing crustal thickness variation beneath the Zimbabwe-Kaapvaal-Niassa craton, the Congo – Tanzania – 
Bangweulu craton, and the Trans-Southern African orogen. The Moho map shows the presence of thicker crust beneath the Zimbabwe-
Kaapvaal-Niassa craton (in the central and southeastern limit of the map) and shallower Moho beneath the Ubendian orogenic belt. 
Seismic Moho results from South African Seismic Experiment (SASE) show an average thickness of 36.2 km beneath the Zimbabwe 
craton (Kgaswane et al., 2009). The gravity Moho from the same locality is found to be in the range of 34-36 km. Similarly, the seismic 
Moho results from SASE beneath the Kaapvaal craton is reported to be in the range of 36-39 km. Differently, the gravity Moho map of 
the figure above estimates the crustal thickness beneath Kaapvaal to be 34 km. The 3D Moho depth inversion results are different from 
Yu et al. (2015) results across the Okavango Rift. The reason for this could be the initial reference depths assigned for realizations. 





4.6.1 Archean-Paleoproterozoic cratons and Neoproterozoic orogenic belts 
With detailed lithospheric imaging, the geographic extents of Archean-Paleoproterozoic 
cratons and the Mesoproterozoic-Neoproterozoic orogenic belts that are covered by the Karroo 
sediment are redefined. The findings suggest that the Congo craton whose lithospheric thickness 
at its cratonic root center reaches up to ~ 256 km, is covered by the Luffilian arc in the southeast. 
The Bangweulu cratonic block, though fairly thin in the eastern margin (~ 156 km) along the 
Ubendian orogenic belt, it becomes progressively thick in the southwest of its limit, which partly 
is covered by the Lufillian. The lithospheric thickness estimation of the Bangweulu cratonic block 
is consistent with Safarian et al. (2018). The geographic extent of the Niassa craton, which is 
defined as a craton within the South Irumide (e.g. Safarian et al., 2018), is also redefined in this 
study. The thick lithosphere (Fig. 7A) bordering the presently defined Niassa craton appears to be 
contiguous with the Niassa craton, and hence the Niassa craton has a bigger extent than what it is 
presently defined to be and possibly assumes the geographic extent of the entire South Irumide. 
Similar to the Archean-Paleoproterozoic cratons, the geographic extents and lithospheric 
thickness of the Mesoproterozoic-Neoproterozoic orogenic belts are determined. The results show 
relatively thinner lithosphere beneath the Neoproterozoic Damara and the Mesoproterozoic-
Neoproterozoic orogenic belts. The Okavango rift is nucleated on these orogenic belts. The NW-
trending systematic thinning of these orogenic belts is interrupted by a thick lithosphere (~ 240 
km), which is possibly the northwestward extension of the Zimbabwe craton. The presence of this 




 The Ubendian orogenic belt, which disappears toward the north below a Mesoproterozoic 
sedimentary cover (Boniface et al., 2014) also exhibit a thin lithosphere (~ 146 km), sandwiched 
by the Bangweulu block in the southwest and the Tanzania craton in the northeast.  
4.6.2 The Trans-Southern African Orogen and the SWB of the EARS 
The LAB map as well as the 2D gravity forward models alongside with previous 
geophysical lithospheric studies enabled us to establish the regional lithospheric structural 
relationships between Archean – Paleoproterozoic cratons (the Congo – Tanzania – Bangweulu 
craton, and the Zimbabwe – Kaapvaal – Niassa craton), Paleoproterozoic – Neoproterozoic 
orogenic belts and metacratons (Magondi, Kibaran – Irumide – South Irumide,  Ghanzi-Chobe, 
Damara, Zambezi, and Lufilian: here collectively referred to as the Trans-Southern Africa 
Orogen), and the rift basins of the SWB (Upemba, Mweru – Wantipa, Mweru, Kundelundu, 
Barotse, Luangwa, Lukusashi-Luano, Kafue, mid Zambezi, Okavango, and Makgadikgadi).  
 As the results show, except for the Mweru-Wantipa, which is formed on the margin of 
the mechanically weakened Bangweulu craton with a lithospheric thickness of ~ 150 km, the rest 
of the SWB are developed within the Paleoproterozoic – Neoproterozoic Trans-Southern Africa 
Orogen whose lithospheric thickness is mostly in the range of 150 – 200 km.  The development of 
Mweru-Wantipa rift on the margin of the Bangweulu craton is most likely controlled by the 
presence of mechanically weakened and anomalously thin lithosphere beneath the northeastern 
limit of the Bangweulu block. With the exception of the northeastern limit of the Bangweulu 
block and the southern interior of the Zimbabwe craton, which is immediately to the north of the 
Paleoproterozoic Limpopo belt, the rest of the cratons (Congo – Tanzania – Bangweulu craton in 
the north and the Zimbabwe – Kaapvaal – Niassa craton) in general have thicker lithosphere 




 The Bangweulu block is bordered in the northeast by the Paleoproterozoic Ubendian 
orogenic belt (Fig. 7A and B). The Ubendian orogenic belt hosts the NW-trending Rukwa rift, the 
NE-trending Usangu rift, and the northern limit of the N-S –trending Malawi rift. The lithospheric 
thickness of the Ubendian orogenic belt upon which these rifts (Rukwa, Usangu, and part of 
Malawi) rest is ~ 146 km. Hence, the formations of these basins are regionally influenced by the 
presence of relatively thin lithosphere beneath the Ubendian orogenic belt.  
 This regional influence of an orogenic belt on rift formation is not the unique occurrence 
within the Ubendian orogenic belt; a similar along strike coincidence between SWB basins and 
the Trans-Southern Africa Orogen is clearly shown in the LAB map; for example : 1) the LAB 
map seems to suggest that the formations of Luangwa rift, the Lukusashi-Luano rift, and the 
Kafue rift within the Irumide are influenced by the metacratonization of the Irumide that resulted 
in a lithospheric thickness of about ~ 160 km; 2) the formation of the Okavango rift (one of the 
youngest rifts in the world) is formed upon the Neoproterozoic Damara orogenic belt, which has 
anomalously thin lithosphere of about ~146 km; 3) the Barotse basin north the Okavango rift rests 
upon anomalously thin lithosphere with a relative thickness of ~ 170 km.  These results lead to 
conclude that the first regional tectonic control, the extent of the SWB as a whole, is influenced 
by the presence of thinner lithosphere beneath the Paleoproterozoic—Neoproterozoic Trans-
Southern Africa Orogen. In addition, the lithosphere beneath cratonic blocks that host some rift 
basins of the SWB (e.g. Bangweulu cratonic block) is thinner compared to the rest of the craton.  
4.6.3 Neoproterozoic – Paleoproterozoic suture zones and the extent of individual SWB basins 
Most basins of the SWB of the EARS have not only nucleated upon the Trans-Southern 
African Orogen, but also preferentially nucleated within preexisting narrow zones of 
deformations. The LAB maps and the 2D forward gravity models show that the extent of 




Neoproterozoic – Mesoproterozoic suture zones. Examples of basins influenced by 
Neoproterozoic – Paleoproterozoic suture zones include: 1) the Rukwa and Tanganyika basins, 
which are influenced by Paleoproterozoic Ubendian shear belt; 2) the Luangwa, Lukusashi-
Luano, and Kafue rifts, which are influenced by Neoproterozoic Mwembeshi Shear Zone; 3) the 
Okavango rift, which is influenced by a Neoproterozoic – Mesoproterozoic deformation zone 
developed in between the Neoproterozoic Damara orogenic belt and the Mesoproterozoic – 
Neoproterozoic South Irumide craton. 
4.7 Conclusion  
Most of the rift basins of the SWB were developed during the Permian – Triassic Karoo 
rifting event during the early stages of the dispersal of Gondwana, but these were reactivated 
during the Paleogene – Quaternary rifting event of the EARS. Results showed that the Archean – 
Paleoproterozoic Congo craton, the Bangweulu cratonic block and the Niassa craton, and the 
Mesoproterozoic – Neoproterozoic Southern Irumide orogenic belt surrounding the Niassa craton 
have thick sub-continental lithospheric mantle (SCLM) with lithospheric thickness reaching ~250 
km . This suggests that the Niassa craton underlies the entire surface extent of what has been 
referred to as the “Southern Irumide orogenic belt”. No rift basins of the SWB have been 
observed extending within these cratonic blocks with the exception of the Mweru – Wantipa rift 
found on the northeastern edge of the Bangweulu cratonic block. Our results also found a 
relatively thinner (~160 km) and uniform lithosphere beneath the Paleoproterozoic – 
Mesoproterozoic Kibaran orogenic belt and the Neoproterozoic Lufilian foreland basin, which 
underlie the Upemba, Kundelungu, and Mweru rift basins of the SWB. This suggests that the 
Lufilian foreland basin was built on a “Kibaran lithosphere” rather than on a “Bangweulu 
lithosphere”. Further, our results showed that thinner lithosphere (~100 km thick) is present 




zone, which represents the suture zone between the metacraton and the Niassa craton. The 
presence of thinner lithosphere beneath the Irumide metacraton and the Mwembashi shear zone 
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V.I The Turkana Depression 
The Turkana depression is a NW-trending narrow topographic corridor between the Ethiopia – 
Yemen plateau in the northeast and the East Africa plateau to the southwest and it appears to suppress 
the surface expression of the East African Rift System (EARS). It extends in northern Kenya, southern 
Ethiopia and eastern South Sudan between the southern Main Ethiopian Rift in the northeast and the 
Kenya rift to the southwest. The depression is dominated by outcrops of Precambrian crystalline 
basement rocks, Mesozoic and Cenozoic rift-related sediment, and Cenozoic volcanic rocks of the 
EARS. The Mesozoic Anza rift extends within the Turkana depression and it representes a NW-trending 
failed arm of the Lamu paleo triple junction. The other two rifts of the triple junction resulted in the 
separation of Madagascar from the African continent. Geophysical studies suggest that the Anza rift is 
connected to the Mesozoic Sudan – South Sudan rifts, especially the Muglad – Jonglei – Mongala rift. 
The Anza rift is intersected at high angle by the N- and NE-trending rift segments of the EARS 
represented by the Turkana rift and the Kino - Sogo rift. In this work, I imaged the crustal thickness 
beneath the Turkana depression using two-dimensional (2D) inversion of the Bouguer gravity anomalies 
of the European Improved Gravity Model of the Earth by New Techniques (EIGEN – 6C4) as well as 2D 
forward gravity modeling of these Bouguer gravity anomalies. In addition, I modeled in three-dimension 
(3D) the upper crustal density distribution of the Kino - Sogo rift through the inversion of the residual 
126 
 
gravity data obtained from the EIGEN – 6C4. Our results show thinner crust ranging between 24 and 28 
km beneath the Turkana depression along the Anza rift and the Sudan – South Sudan rifts as well as 
localized crustal thinning beneath the Turkana rift. This observation is consistent with results from the 
3D upper crustal density model which shows broad NW-trending density anomalies between 5 and 10 
km depth beneath the Anza rift and narrow NE-trending density anomalies associated with the Kino 
Sogo rift between 0 m and 5 km depth. The findings suggest that the dominant crustal structure of the 
Turkana depression is associated with the Mesozoic Anza rift and the Sudan - South Sudan rifts whereas 
the Cenozoic EARS is expressed only at shallower upper crustal level. 
V.II The Trans-Southern African Orogen 
Using two-dimensional (2D) radially-averaged power spectral analysis and 2D forward gravity 
modeling of satellite gravity data, I imaged the lithospheric structure (the depth to the upper crust, the 
depth to Moho, and the depth to the asthenosphere – lithosphere boundary) beneath the Congo – Tanzania 
– Bangweulu craton, the Zimbabwe – Kappvaal – Niassa craton, and the Trans-Southern African orogen. 
The latter underlies most of the basins of the Southwestern Branch (SWB) of the East African Rift 
System (EARS). I find the cratons, in general, to be underlain by thicker lithosphere reaching ~250 km 
compared to the Trans-Southern African orogen, which is underlain by lithosphere that is 150 – 200 km 
thick. Our findings suggest that the spatial extent of the Congo craton is much wider than what is exposed 
on the surface and is covered in the southeast by the Luffilian arc. Similarly, the geographic extent of the 
Bangweulu craton is wider than what is exposed on the surface with its southwestern limit covered by the 
Luffilian arc. The geographic extent of the Niassa craton is also redefined, and which is shown to have 
relatively thinner lithosphere (~ 200 km). In addition, the depths to LAB of Mesoproterozoic – 
Neoproterozoic orogenic belts, which are covered by the Karoo sediment are determined. The notable 
examples may be the lithospheric thickness of the Mesoproterozoic – Neoproterozoic Ghanzi – Chobe 
orogenic belt (~ 146 km) and the Neoproterozoic Damara orogenic belt (~ 146 km). The LAB estimates 
of these tectonic entities suggest that the SWB of the EARS as a whole are regionally controlled by the 
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Trans-Southern Africa orogeny, while the development of individual basins is controlled by localized 
preexisting weaknesses. One notable example is the development of the Luangwa rift along the 
Mwembeshi shear zone, which is developed within a relatively thinner lithosphere that is in the range of 
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